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Abstract
Although gypsum belongs to the low-energy environmentally friendly binders, its wider applications in building con-

structions are limited due to the negative effect of moisture on its mechanical properties. When calcined gypsum (CaSO4�1/

2H2O) transforms into its hydrated form (CaSO4�2H2O), it is partially soluble in water and it has a relatively low strength.

This problem can be resolved when gypsum is used as a part of binary or ternary binders. In this paper, a system consisting

of calcined gypsum, lime, and silica fume is presented as a functional solution for a wider utilization of gypsum in wet

environments. For this purpose, the newly designed materials were stored in different environments (laboratory conditions

in air or water) up to 182 days. The effect of silica fume on the hydration process and the growth of the main products is

evaluated by using differential scanning calorimetry and thermogravimetry in the temperature range from 25 to 1000 �C
with a heating rate of 5 �C min-1 in an argon atmosphere. The carbonation level of studied materials is also evaluated.

Besides this, the information about the thermal stability of studied materials is provided. These results are supported by

evolved gas analysis, X-ray diffraction, and scanning electron microscopy. The basic physical and mechanical properties

are determined to provide more detailed information about the behavior of the designed materials under various conditions

at selected days of hydration. The addition of silica fume to the gypsum–lime system activates the pozzolanic reaction of

the analyzed pastes, which is proved by the presence of the CSH phase and by the consumption of portlandite in the

mixtures. Wet environment speeds up the hydration processes and prevents samples from carbonation.
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Introduction

Gypsum as a traditional building material has been used in

building constructions since the days of the ancient Egypt,

where it was used in pyramids. Actually, the oldest traces

of gypsum applications are over 9000 years old. They were

found in Syria and Anatolia [1]. Solid gypsum plaster and

gypsum rock are calcium sulfate dihydrate with the

chemical formula CaSO4�2H2O. The manufacturing pro-

cess, called calcination, involves driving the moisture out

of the gypsum rock. The result of this process,

CaSO4 � 2H2O ! CaSO4 �
1

2
H2O þ 3

2
H2O; ð1Þ

is a white powder material, namely calcium sulfate hemi-

hydrate (CaSO4�1/2H2O) [2]. This reaction is reversible.

Therefore, when calcium sulfate hemihydrate is mixed with

water, the calcium sulfate dihydrate is formed again,

CaSO4 �
1

2
H2O þ 3

2
H2O ! CaSO4 � 2H2O: ð2Þ

Gypsum can be produced not only from natural gypsum

mineral, but also from secondary raw materials, such as

phosphogypsum [1, 3] or red gypsum. (The latter is a waste

product from the titanium dioxide industry [4, 5].) The
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main difference between natural and chemically prepared

gypsum is that the industrial gypsum has smaller crystals

than the natural one, but both of them have the identical

chemical composition [2]. The calcination of gypsum takes

place at relatively low temperatures (100–120 �C), which

is very beneficial for the environment. In addition, raw

materials for the production of gypsum are cheap and rel-

atively easily accessible. Gypsum also plays an important

role in the cement production, although in small amounts

(2.5–3.0 mass%). It is added into ground clinker to retard

the rapid hydration of tricalcium aluminate (C3A) to

achieve better workability for longer duration. As a result

of this reaction, ettringite is formed. Moreover, it was

found out that gypsum accelerates the strength of blended

cements in the early stages of hydration [6].

Despite these advantages, applications of gypsum in

building construction are limited. The main disadvantage

of gypsum application is in its low resistance against

moisture. Gypsum is partially soluble in water and its

strength decreases in wet environment. This problem can

be eliminated if the calcined gypsum is a part of binary or

ternary binders containing also a pozzolanic material and

another element (e.g., lime), which can activate the poz-

zolanic reaction. One of the most frequently used poz-

zolanic material for this purpose is fly ash [7–9], which is

probably given by the fact that it belongs to the most

remarkable solid wastes in China, and therefore, its wider

utilization is needed [9]. The properties of a mixture con-

sisting of gypsum, lime, and fly ash can be improved with

various types of pozzolan additions, such as expanded

perlite or silica fume [10]. Silica fume is a pozzolan

material with a very high surface area. The partial

replacement of the fly ash by silica fume in the mixture

gypsum–lime–fly ash (now, the system of four compo-

nents) can improve the expansive phase formation of

ettringite, which can cause cracking of the structure. So,

mechanical properties decrease [10]. But this partial

replacement helps to increase the bulk density which leads

to a decrease in the open porosity. The formation of

ettringite and the increase in bulk density are the main

factors for an increase in thermal conductivity in the

studied mixture. It was also found that silica fume can

improve the pozzolanic reactions and the formation of

cellular CSH structures [10]. The utilization of unconven-

tional pozzolanic active materials, such as metakaolin, was

also studied [11, 12]. The addition of metakaolin to gyp-

sum–lime mixture improves the mechanical properties

without a negative effect on thermal conductivity and water

vapor diffusion properties [12]. Nevertheless, the above-

mentioned research works are mainly focused only on the

age of 7 and 28 days of hydration, and therefore, these

results cannot provide the complex information about

durability and structural changes of studied materials in a

long-term horizon.

Gypsum itself is often used as a protection of various

types of constructions against fire [13–16]. A high water

content in the gypsum is the key to its high fire resistance

because the calcination process starts when gypsum is

exposed to the temperature above 80 �C, which leads to the

release of water from gypsum. This water prevents the fire

from penetrating the walls while it is evaporating [2]. This

effect delays the development of the fire for a significant

time. On the other hand, gypsum exposed to the high

temperature exhibits significant shrinkage which can be

eliminated by the addition of fillers [17]. While the

behavior of gypsum at high temperature has been exten-

sively studied, there is a lack of information about its

performance in composed gypsum-based binders. Only a

few research works were found up to date [17–22]. The

mixture of gypsum–lime–silica fume shows better fire

resistance than mixtures without silica fume. In addition,

the samples without pozzolan are heavily damaged already

at the temperature of 400 �C. The samples with silica fume

exhibit cracking, but their integrity is still maintained [19].

In recent study [17], ternary gypsum-based pastes were

enriched by fine fillers and then were exposed to high

temperature of 1000 �C. It was found that samples made

only from gypsum have better fire resistance properties

then samples from gypsum–lime–silica fume. Neverthe-

less, obtained properties are still sufficient for normal

usage, which is a promising result for the wider utilization

of this environmentally friendly material. Therefore, a

systematic research should be done in order to provide

lacking information about the behavior of gypsum-based

composites at high temperatures.

In this paper, the influence of high temperatures on the

ternary gypsum-based system consisting of gypsum, lime,

and silica fume is studied. Samples were stored for 35, 91,

and 182 days in two different environments (laboratory

conditions in air or water). After the chosen curing time,

the thermal decomposition of the studied samples was

investigated by a simultaneous thermal analysis in the

temperature interval from 25 to 1000 �C with a heating rate

of 5 �C min-1 in an argon atmosphere. The main products

of hydration processes are identified and described in a

selected time with the help of several independent

methods.

Studied materials and samples

Gray gypsum (Gypstrend s.r.o., Czech Republic), hydrated

lime labeled as CL-90-S (Carmeuse CR, Czech Republic),

and silica fume (Stachesil S produced by Stachema, Czech

Republic) as a pozzolan material were used for the
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preparation of all studied samples. Lime is necessary for

the alkali activation of pozzolan (silica fume) since gypsum

does not contain Ca(OH)2. The used silica fume consists of

more than 90 mass% of amorphous phases. The reference

sample (labeled as R) was prepared from gypsum

(90 mass%) and lime (10 mass%). The ternary system

gypsum–lime–silica fume (labeled as SF) was designed

with the mass content of 81.5, 10, and 8.5 mass%,

respectively. Detailed compositions of both mixtures are

summarized in Table 1. This unusual proportion was

designed according to the previous results described in

[12, 21] where the sequential simplex method was used.

This method is based on the best-fitting composition of

mixtures with the best mechanical properties, for the

detailed description (see [12]). The amount of pozzolan

depends on the content of amorphous (active) phases in the

material. Thus, similarly to the previous research where

about 10 mass% of metakaolin was in the ternary gypsum-

based system to achieve the best mechanical properties of

studied materials after the continuous exposure to water

environment, the identical amount of the amorphous phase

in the silica fume was used. Therefore, the content of silica

fume in the studied samples was chosen as 8.5 mass%.

The chemical composition of the calcined gypsum, lime,

and silica fume was verified by the high-resolution X-ray

fluorescence method (XRF), namely Thermo ARL 9400

XP (Thermo ARL, Switzerland). The results are summa-

rized in Table 2. It can be seen that lime and silica fume

are of very high purity. The calcined gypsum contained

mainly SO3 and CaO. From the X-ray diffraction (XRD)

results, it was determined that the gypsum contains bas-

sanite (CaSO4�1/2H2O), anhydrite (CaSO4), kaolinite

(Al2Si2O5(OH)4), chamosite, quartz, and traces of

muscovite.

The procedure of the samples preparation was as fol-

lows: In the case of the reference samples, calcined gyp-

sum and lime hydrate were mixed together. After thorough

mixing by hand, the dry mixture was added into the mea-

sured amount of water. The mixture was then mixed in a

laboratory mixer for 60 s at low speed and another 30 s at

higher speed, whipped off, and mixed again for another

60 s at high speed. The mixture was removed from the

mixer and put into the molds. After 1 h, the samples were

demolded. The samples were prepared with the dimensions

of 40 9 40 9 160 mm. In the case of SF samples, silica

fume and lime hydrate in dry state were mixed together

first. Then, calcined gypsum was added and the composi-

tion was mixed again until it was homogenized. The pro-

cedure of mixing was the same as in the case of the

reference samples. All samples were stored in laboratory

conditions for 24 h. After this time, a half of the samples

were put in water (labeled as W) and the rest of the samples

(labeled as A) were kept in the laboratory conditions (at-

mospheric air, constant temperature of 25 �C). Before the

simultaneous thermal analysis (STA), a small piece was

taken from the inner part of the sample. It was dried at the

temperature of 50 �C to a constant mass. This temperature

was chosen in accordance with the research done by

Rovnanı́ková et al. [23]. It was found that at temperatures

higher than 50 �C the chemically bound water could be

removed and the material starts to decompose. Then, the

part of the sample was ground, and about 50 mg of powder

sample was used for STA.

Experimental

Simultaneous thermal analysis (STA)

Simultaneous thermal analysis consisting of differential

scanning calorimetry (DSC) and thermogravimetry (TG)

was used to find, analyze, and quantify hydration products,

thermal stability, and carbonation levels of all studied

samples. The STA was carried out using a Labsys Evo

device (Setaram, France). The experiments were done in

the temperature range from 25 to 1000 �C in an argon

atmosphere with a flow rate of 40 mL min-1. The heating

rate was 5 �C min-1. The powder samples with mass about

50 mg were placed in an alumina crucible with a lid.

Evolved gas analysis (EGA)

To support the results obtained from the STA, the EGA

was performed by a Simultaneous Setaram Analyser Setsys

Evolution 1750 (Setaram, France) coupled with Omnistar

Pfeiffer mass spectrometer (Germany). The samples were

heated at 10 �C min-1 up to 1000 �C in a platinum crucible

without a lid under the dynamic argon (99.999% purity)

atmosphere with a flow rate of 20 mL min-1.

X-ray diffraction (XRD)

The phase composition of the studied materials was ana-

lyzed by XRD method. The X-ray diffraction analysis of

the studied mixtures was done after 182 days of hydration

using a PANalytical X0PertPRO diffractometer (PANalyt-

ical, Spectris plc, Egham, Surrey, England) equipped with

Table 1 Composition of the studied mixtures (in mass%)

Mixture Gypsum Lime Silica fume Water/mL kg-1

R 90 10 – 700

SF 81.5 10 8.5 730
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a CoKa X-ray tube (40 kV, 30 mA). Diffractograms were

collected in the range of 2h 5–41� with a step of 0.017� at

1000 s/step (the scan time 5 h).

Scanning electron microscopy (SEM)

The presence of hydration products, as a result of poz-

zolanic reaction between silica fume and a system con-

sisting of gypsum and lime, was also proved by scanning

electron microscopy. An electron microscope ZEISS

Merlin with Gemini II column at acceleration voltage of

7–10 kV, probe current of 46–150 pA, and working dis-

tance of 8–15 mm was applied. The InLens detector, which

detects the secondary electrons and shows primarily the

topography of the surface, was used. The charge compen-

sator was applied due to the low conductivity of the sam-

ples. Small pieces were taken from the inner part of dried

samples. Before the measurements, they were cleaned by

plasma cleaner.

Basic physical properties

The basic physical properties—the bulk density q
[kg m-3], matrix density qm [kg m-3], and open porosity w
[%]—of studied samples were measured at the age of

28 days. Before the measurements, the samples stored in

both environments were carefully dried to a constant mass.

The bulk density was determined by the gravimetric

method from the mass and sample dimensions. The open

porosity was measured by a mercury intrusion porosimetry

using an apparatus Pascal 140 ? 440 (Thermo Electron).

The matrix density was calculated on the basis of the

knowledge of these two parameters [24].

Compressive strength

The development of mechanical properties was studied up

to 90 days of hydration. The measurements were realized

in order to find whether silica fume is able to compensate

the decrease in strength caused by moisture. The com-

pressive strength was measured according to the procedure

described in the technical standard ČSN EN 1015 [25]. For

the measurement, three prismatic samples for each of the

environments and each hydration time were prepared. The

measurements of the compressive strength were taken on

the halves of broken prisms with a loading area about

1600 mm2. The uncertainty of the testing method was 1.4%

[26].

Results and discussion

Evolution and thermal stability of hydration
products

Reference samples

The heat flow and relative mass changes of the reference

material R at a given temperature and hydration time are

shown in Fig. 1. In Fig. 1, the upper three curves corre-

spond to the samples stored in laboratory conditions (R-A),

while the bottom three curves correspond to the samples

stored in the water environment (R-W).

There are six more or less significant peaks (see Fig. 1a)

referring to the main hydration products. The first and most

significant double peak corresponds to the dehydration of

gypsum dehydrate to hemihydrate (bassanite) and then to

anhydrite. The corresponding chemical reactions may be

written as [27]

CaSO4 � 2H2O
Gypsum

! CaSO4 �
1

2
H2O

1:stepðpeakÞ

Bassanite

! c � CaSO4

2:stepðpeakÞ

Anhydrite

: ð3Þ

These reactions take place in the temperature interval

from about 60–230 �C. The dehydration of gypsum can be

observed also as a one-step process when anhydrite (c-

CaSO4) is directly produced during the gypsum dehydra-

tion [28–30] and hemihydrate is formed by rehydration of

c-CaSO4 during cooling in humid air [29, 30]. If the

dehydration of gypsum proceeds through one or two steps,

it depends on the temperature and partial pressure of water

(PH2O), differences in crystalline characteristics (size,

habit, amounts of defects), impurities and chemical com-

position of gypsum [31]. For reference sample, the gypsum

decomposes in two processes, which can be explained by

the use of autogenous PH2O atmosphere. The corre-

sponding mass changes at this stage (summarized in

Table 3) are consistent with the stoichiometry of the

dehydration reactions described in Eq. (3), which confirms

the two-step dehydration process.

The peak temperature of the dehydration of gypsum

does not change in time, as it was expected. The first step

Table 2 Chemical composition

of used materials (in mass%)
Component CaO SiO2 MgO Al2O3 SO3 Fe2O3 K2O LOI

Gypsum 41.8 6.9 0.7 2.5 45.5 1.0 0.4 1.2

Lime 99.0 0.1 0.7 – – – – 0.2

Silica fume 0.6 94.0 0.3 0.6 0.8 1.9 1.4 0.4
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of the dehydration (gypsum to bassanite) occurs in the

temperature interval from 70 to 166 �C for the samples

stored in the laboratory conditions and from 63 to 167 �C
for the samples stored in the water environment. The sec-

ond step of the dehydration of gypsum (bassanite to

anhydrite) occurs at temperatures between 166 and 231 �C
(laboratory conditions) and 169–231 �C (water environ-

ment). The corresponding mass loss of these overlapping

reactions was found between 15.0 and 15.4% in the labo-

ratory conditions and between 16.0 and 17.4% in the water

environment, respectively (see Fig. 1b, Table 3). The

enthalpy was calculated for both steps together, and it is

higher for the samples stored in the water environment (R-

W), which was also expected (see Table 3). The variety

between the results is probably caused by impurities

included in the raw materials, mainly in gypsum.

The third peak corresponds to the decomposition of

portlandite Ca(OH)2 represented by the endothermal peak,

while the fourth peak corresponds to an exothermal reac-

tion that undergoes at the same temperature range and is

associated with the transformation of anhydrite. The ther-

mal decomposition of portlandite may be written as

Ca(OH)2 ! CaO þ H2O: ð4Þ

The decomposition of portlandite proceeds at tempera-

tures between 390 and 460 �C, which is in a good agree-

ment with the results in [18] and [32]. The highest

temperature of this reaction is observed for the samples

stored in the laboratory conditions. The mass change in this

temperature interval is small because of the small amount

of portlandite in the samples. The mass loss is observed in

the R-A samples up to 182 days of hydration (0.7, 0.3, and

0.3% in 35, 91, and 182 days, respectively). In the R-W

samples, the changes are visible only for 35 and 91 days of

hydration (0.9 and 0.3%, respectively). The exothermal

reaction is not accompanied by any mass change, and it is

the most significant in the samples stored in the laboratory

conditions (see Fig. 1a). In the case of the samples stored

in water, the exothermal reaction is not significant, except

for the sample with hydration time of 182 days. The

amount of portlandite in and after 35 days of hydration is

calculated based on its mass loss [33]. For 35 days of

hydration, it is higher for the samples stored in the water

environment (3.7%) than for the samples stored in the

laboratory conditions (2.9%). The portlandite content

decreases in time in both reference samples. (It is 1.5% for

the R-A sample in 91 and 182 days of hydration and 1.3%

for the R-W samples in 91 days of hydration.) After
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Fig. 1 DSC curves (a) and the corresponding mass changes curves (b) of the reference materials stored in air in laboratory conditions (R-A) and

water environment (R-W) in the age of 35, 91, and 182 days

Table 3 Peak temperatures,

mass changes, and enthalpies of

the gypsum dehydration for the

reference samples

Sample Time/days Temperature/�C Mass change/% Enthalpy/J g-1

1 2 1 ? 2 1 ? 2

R-A 35 149.3 180.1 - 15.4 444.8

91 149.1 188.3 - 15.0 374.2

182 150.7 186.5 - 15.0 372.2

R-W 35 150.0 179.5 - 16.0 459.2

91 154.5 188.6 - 16.7 457.5

182 151.6 189.6 - 17.4 457.2
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reaching the age of 182 days, portlandite is not present in

the R-W sample anymore. In this temperature interval,

another reaction takes place. This reaction corresponds

probably to the transformation of anhydrite from a soluble

c-CaSO4 (in the literature it is labeled also as a-CaSO4)

into an insoluble ß-CaSO4, and it usually occurs at tem-

peratures about 350–380 �C [27, 34]. In the presented DSC

curves, it is observed as an exothermal peak and is shifted

to higher temperatures (422–503 �C for the R-A samples

and 443–500 �C for the R-W samples, respectively). This

shift could be caused by the thermal decomposition of

portlandite, which takes place in the same temperature

interval. In some papers, it was presented that the anhy-

dride transformation occurs already between 130 and

230 �C, which is probably given by different conditions

during experiments (residual vapor pressure of 1 Pa) [35].

The calculation of enthalpy for these reactions is not useful

because there are two (exothermal and endothermal)

overlapping peaks.

The fifth peak at temperature about 800 �C corresponds

to the decomposition of CaCO3, which is a product of lime

carbonation [18]. The thermal decomposition of calcite is

described as:

CaCO3 ! CaO þ CO2: ð5Þ

The peak temperatures, enthalpies, and mass changes

are summarized in Table 4. It is interesting that the tem-

perature of peaks moves to higher values with the age of

samples for both environments. The amount of CaCO3 in

samples stored in the laboratory conditions is more than

two times higher, as it is observed via enthalpies and more

significant mass losses, because the carbonation process in

water is slower. The enthalpy of the R-A samples is almost

the same during the hydration time, and it is between 120.9

and 128.1 J g-1, whereas for the samples stored in water

(the R-W samples) it slightly increases from 39.7 to

50.7 J g-1. The content of calcite was calculated from its

mass changes [33]. The amount of calcite slightly increases

from 12.7 to 14.3% for the R-A samples in time, while for

the R-W samples it is almost three times smaller (from

5.2% to 5.9%).

Finally, the last, sixth peak is observed at temperatures

above 850 �C. It is caused probably by the decomposition

of calcium sulfate (CaSO4) [18, 36],

CaSO4 ! CaO þ SO3: ð6Þ

It is obvious that this reaction is not finished and it

continues above the upper temperature limit of 1000 �C.

The results of the STA obtained for the R samples show

that the dehydration of the gypsum proceeds in two steps

(to bassanite and then to anhydrite). The size of the reac-

tion does not depend on time. A somewhat higher changes

of mass are observed for the samples stored in the water

environment. The amount of portlandite is higher for the

samples stored in water environment, which was expected.

The decomposition of portlandite is observed also for the

R-W samples in 91 days of hydration. This reaction is not

observed after 35 days of hydration for the R-A samples.

Nevertheless, the portlandite decomposition peak overlaps

with the anhydrite transformation, which takes place

almost in the same temperature interval. It seems that the

amount of anhydrite is almost constant for the R-A samples

during hydration, while for the R-W samples this is not

clear because of overlapping portlandite decomposition

processes. The calcite content is found to be almost three

times higher for the samples stored in the laboratory con-

ditions than for the R-W samples, because carbonation

process is faster in air.

Gypsum–lime–silica fume system

The heat flow and relative mass changes obtained from the

ternary gypsum-based material labeled as SF at a given

temperature and hydration time are shown in Fig. 2. Sim-

ilarly to the reference samples, in Fig. 2 the upper three

curves correspond to the samples stored in air in the lab-

oratory conditions (SF-A). The bottom three curves

demonstrate the results of the samples stored in the water

environment (SF-W). Also in these results, there are six

more or less significant peaks (see Fig. 2a). The differences

between reference samples and the gypsum–lime–silica

fume system are already obvious from the first peak where

the dehydration of gypsum takes place.

Table 4 Peak temperatures,

mass changes, and enthalpies of

calcite decomposition for

reference samples

Sample Time/days Temperature/�C Mass change/% Enthalpy/J g-1

R-A 35 783.5 - 5.6 128.1

91 813.0 - 6.2 120.2

182 806.0 - 6.3 120.9

R-W 35 755.8 - 2.3 39.7

91 773.5 - 2.3 45.3

182 772.0 - 2.6 50.7
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The addition of the pozzolan activates the pozzolanic

reaction, and the hydration process is modified. In this case,

CSH phases are also produced, which is mostly visible in

the enthalpies of the double peaks. The enthalpy of the

samples stored in the laboratory conditions decreases in

time from 432.5 to 338.8 J g-1, while for the samples

stored in the water environment it decreases from 469.6 to

377.0 J g-1. These values are different than those for the

reference samples as a consequence of the presence of a

material other than gypsum. Since CSH phases are

decomposed in the same temperature range, it is difficult to

separate them from the dehydration of gypsum. On the

other hand, the values of mass changes (see Fig. 2b,

Table 5) are almost the same as in the case of the refer-

ences samples (see Table 4), which also refers to the

presence of CSH phases. Therefore, a small amount of

gypsum (about 10%) in the SF samples is replaced with

something else (CSH phases) to reach the same mass

changes as in the R samples. The decreasing trend of the

amount of CSH phases is given by the carbonation process,

which is slower in the water environment. The presence of

CSH phases is challenging to prove by some other tech-

niques. Their structure is amorphous, and therefore, it is not

detectible by XRD for example. However, it can be found

using a microscopy, which is discussed later.

Similarly to the reference samples, the third and fourth

peaks correspond to the decomposition of portlandite

Ca(OH)2 and the anhydrite transformation from soluble c-

CaSO4 to insoluble ß-CaSO4 (see above). The portlandite

decomposition is observed only for the samples stored in

the laboratory conditions. The amount of Ca(OH)2 was

determined for 35 and 91 days of hydration (1.9 and 0.8%,

respectively). It is not observed for the S-A sample at

182 days of hydration. For the S-W samples, the port-

landite content is negligible, and thus, Ca(OH)2 has been

consumed by the pozzolanic reaction. The peak tempera-

tures of the anhydrite transformation for the SF-A samples

are similar to the reference samples (from 463 to 466 �C),

while they are shifted to higher values for the samples

stored in water (from 474 to 485 �C). The enthalpy of the

SF-A samples during aging is lower than that of the ref-

erence samples (from 11.7 to 9.5 J g-1). Nevertheless, it is

slightly higher for the SF-W samples (from 5.9 J g-1 to

8.9 J g-1), which can be due to the absence of portlandite

in the structure of the samples. Therefore, this reaction is

better visible, because it is not overlapping with the port-

landite decomposition.
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Fig. 2 DSC curves a and the corresponding mass changes curves b of the ternary gypsum-based materials stored in air in laboratory conditions

(SF-A) and water environment (SF-W) in the age of 35, 91, and 182 days

Table 5 Peak temperatures,

mass changes, and enthalpies of

gypsum dehydration and CSH

phases decomposition for the SF

samples

Sample Time/days Temperature/�C Mass change/% Enthalpy/J g-1

1 2 1 ? 2 1 ? 2

SF-A 35 151.5 182.4 - 15.3 432.5

91 150.6 184.3 - 14.2 338.8

182 151.6 186.0 - 14.4 341.4

SF-W 35 152.0 182.7 - 16.6 469.6

91 151.1 186.1 - 16.3 381.6

182 152.1 186.0 - 15.6 377.0
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Finally, there are interesting peaks at temperatures

above 700 �C which are overlapping. The peak, labeled as

5 in Fig. 2a, corresponds to the decomposition of CaCO3,

which is a product of the carbonation of lime and hydration

products. Since portlandite was consumed during the

hydration process, these peaks are smaller than in the case

of the reference samples. The peak temperature shifts to

lower values for both samples in comparison with the

reference sample, as it is shown in Table 6. The enthalpy

decreases in time for both samples: from 64.2 to 38.0 J g-1

for the SF-A samples, and from 17.1 to 12.7 J g-1 for the

SF-W samples. As it was already mentioned, the differ-

ences are also given by the fact that the carbonation process

is slower in water. Therefore, the mass loss is in good

agreement with these results. From the calculated calcite

content based on its mass losses [33], it is clear that the

addition of silica fume slows down the carbonation process

even in the laboratory conditions. (It decreases from 7.3%

to 6.4% with time.) It is the same for the SF-W samples

during aging (2.9%).

It is challenging to identify the peaks which occur at

temperatures above 800 �C without any further analysis.

As it was already discussed in the case of the reference

samples, the last endothermic peak is probably caused by

the decomposition of calcium sulfate (CaSO4). However, it

seems that also an exothermal reaction occurs in this

temperature interval. It can be associated with the products

formed in the presence of silica fume [37]. A calcium

inosilicate mineral called wollastonite (CaSiO3) may be

formed when CaCO3 and SiO2 are exposed to higher

temperatures [38],

CaCO3 þ SiO2 ! CaSiO3 þ CO2: ð7Þ

This component was observed also in the case of blen-

ded concretes containing silica fume [39–43] when similar

conditions of thermal analysis were applied. This particular

reaction was specified by the EGA.

The STA results of the SF samples indicate that the

pozzolanic reaction was activated. Similarly to the results

of the R samples, the dehydration of the gypsum proceeded

via two steps, but also the decomposition of CSH phases

took place in the same temperature interval. It is proven by

almost the same mass changes of all studied samples stored

in both environments. (The amount of gypsum in the SF

samples is lower by 10%, so the expected mass loss would

be also lower without CSH phases present in the structure.)

Similarly to the R samples, the size of the reaction is not

dependent on time, while more significant mass changes

are observed for the samples stored in the water environ-

ment. However, the presence of CSH phases needs to be

proved by some other techniques, such as SEM, which will

be discussed. Next, portlandite is found in the SF-A sam-

ples up to 182 days of hydration, as for the R-A samples.

On the other hand, it is not observed in the SF-W samples

(in the R-W samples it was visible up to 91 days of

hydration), which means that Ca(OH)2 was probably con-

sumed by the pozzolanic reaction. The enthalpies of the

anhydrite transformation of the SF-A samples are by about

4% lower than in the case of the R-A samples, while the

values for the SF-W are slightly higher than for the R-W

samples on an average. The calcite content is slightly lower

in the SF samples stored in both environments than in the

reference samples. The content is constant in the SF-W

samples during aging, which indicates a positive effect of

silica fume (and water) on the durability of the samples. It

is also given by the fact that portlandite is consumed during

the hydration process, and it could not participate in the

carbonation processes anymore. Note that the results on the

calcite decomposition are also influenced by the exother-

mic reaction of the wollastonite crystallization, which

occur in the same temperature interval.

EGA results

For a better understanding of the processes occurring in the

studied materials especially at higher temperatures, the

EGA of the ternary gypsum-based samples was also per-

formed (see Fig. 3). It shows that molecules of H2O lib-

erate from the sample in the temperature interval from 50

to 250 �C and from 390 to 430 �C, which corresponds to

the dehydration processes and the decomposition of port-

landite. CO2 releases from the sample in the temperature

range from 500 to 800 �C where the calcite decomposition

is presented, which is in good agreement with the DSC and

TG results. Above 800 �C, the liberation of CO2, SO2, and

SO takes place. Therefore, it can be concluded that the

Table 6 Peak temperatures,

mass changes, and enthalpies of

calcite decomposition for the SF

samples

Sample Time/days Temperature/�C Mass change/% Enthalpy/J g-1

SF-A 35 768.3 - 3.2 64.2

91 787.0 - 3.0 38.2

182 786.0 - 2.8 38.0

SF-W 35 739.5 - 1.3 17.1

91 752.0 - 1.3 14.2

182 752.5 - 1.3 12.7
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wollastonite crystallization and CaSO4 decomposition

occur in this temperature interval as it was supposed and

described above.

Portlandite content and carbonation process

The mineralogical phases of the studied samples after

182 days of hydration were determined by the X-ray

diffraction method to find and quantify the hydration

products. These results are summarized in Table 7. (The

amount of amorphous phase was not calculated.) The

amounts of gypsum, basanite, and anhydrite correspond to

their typical behavior if they are placed in water. The

portlandite content is found to be 1.7% in the R-A samples

and 0.3% for the SF-A samples, which is in good agree-

ment with the measurements taken by the STA (1.5 and

0%, respectively). On the other hand, small differences are

probably caused by the overlapping thermal decomposition

of the portlandite and anhydrite transformation, which

occur in the same temperature interval. The portlandite was

not observed at samples stored in water. These results are

in accordance with the STA and show that the addition

of silica fume supports the pozzolanic reaction.

The amount of calcite which refers to the carbonation

level in the studied materials was verified. The results of

both methods are relatively similar. The XRD method

detected 11.2 and 5.5 mass% of calcite in the structure of

R-A and R-W samples, respectively, while in the case of

the STA it was 14.3 and 5.9 mass%, respectively. These

results demonstrate that materials stored in water are pro-

tected against carbonation. The same trend was observed in

the case of the ternary gypsum-based materials where it

was observed that the addition of silica fume slows down

the carbonation process even when stored in the laboratory

conditions (see Fig. 4). The calcite content in the SF-A was

more than a half lower than in the R-A samples after

182 days.

Besides the main hydration products, also some minor

phases were found by the XRD method. All the studied

samples contained quartz and muscovite, which came

mainly from the used gypsum. It should be noted that the

CSH phases are not detected by XRD although their

presence as a product of pozzolanic reaction was expected.

It is caused by the fact that CSH phases have mainly

amorphous structure, which is not detectable by XRD. The

amount of the amorphous phase was not evaluated so these

numbers represent only the total amount of all mineralog-

ical phases present in the structure.

CSH phases observed by SEM method

The presence of CSH phases was confirmed by SEM

observations (see Fig. 5). While in the case of the reference

samples stored in water, mainly crystals of gypsum and

calcite can be observed, in the case of samples with silica

fume, also CSH phases are visible in picture.
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Fig. 3 EGA curves of the ternary gypsum-based material stored in air

in laboratory conditions (SF-A)

Table 7 Phase composition of studied materials after 182 days of

hydration (in mass%)

Component Chemical formula R-A R-W SF-A SF-W

Gypsum CaSO4�2H2O 42.1 74.2 43.1 77.2

Bassanite CaSO4�0.5H2O 27.0 11.1 24.5 6.2

Anhydrite c�CaSO4 8.1 1.4 10.6 1.7

Portlandite Ca(OH)2 1.7 – 0.3 –

Calcite CaCO3 11.2 5.5 12.7 7.5

Quartz SiO2 3.9 3.4 4.1 3.2

Muscovite KAl2(AlSi3O10)(OH)2 6.0 4.4 4.7 4.2

35
0
1
2
3
4

91 182
Hydration age/days

C
al

ci
te

 c
on

te
nt

/m
as

s%

5
6
7
8
9

10
11
12
13
14
15
16

R-A

R-W

SF-A

SF-W

Fig. 4 Level of carbonation determined from the STA results in a

time horizon up to 182 days of hydration
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Basic physical properties

To provide the complex information about the studied

materials, also the basic physical properties were deter-

mined. The summary of these results measured at the age

of 28 days of hydration is given in Table 8. The bulk

density of the reference samples stored in the laboratory

condition (R-A) is 1062 kg m-3, which is higher by about

2.5% than the bulk density for the sample stored in the

water environment (R-W). The bulk density of the SF

samples is almost the same for both environments

(996 kg m-3 and 995 kg m-3, respectively), which is

lower by about 6.2% than the value for the R-A sample.

The matrix density for the reference samples in the water

environment is smaller (by about 20.9%) than for the R-A

sample, whereby no products of pozzolanic reactions are

expected. In the case of the SF samples, the matrix density

increased in the water environment in comparison with the

laboratory conditions (by about 11.6%). A denser

microstructure refers to the pozzolanic reactions occurring

in the structure of the SF samples. This is also supported by

the results of the pore distribution curves already deeply

discussed in [11, 22]. The samples stored in the water

environment had smaller pores than the samples stored in

the laboratory conditions. The results of the open porosity

show that the R-W sample has its lowest value. The

structure of the sample without pozzolan is coarser,

because no pozzolanic products were formed. The moisture

properties (such as water transport) at the age of 28 days

were also determined and are discussed in [22]. It was

found out that the samples with pozzolan stored in the

water environment (SF-W) have a finer pore structure,

which has a positive effect on water transport properties.

Compressive strength

The results on the compressive strength up to 90 days of

hydration are summarized in Fig. 6. The performance of all

studied materials was found to be very similar after 7 days

of curing regardless of the environment where the samples

were stored. After 28 days of hydration, the reference

samples stored in water have lower values of the com-

pressive strength in comparison with the samples with the

silica fume. A similar trend was observed after 90 days of

hydration. The results for the reference samples confirmed

the typical behavior of gypsum, since the compressive

strength decreases with moisture of the samples. The

compressive strength of the SF-W samples after 90 days

increases approximately twice, which shows a positive

effect of the water environment on the pozzolanic reactions

and stability of the hydration products of studied samples.

In the previous research [44], the influence of moisture on

the compressive strength of various ternary gypsum-based

binders was discussed also in relation to different pre-

treatments before testing (drying 9 not drying samples

before procedures). It was found out that the SF samples

have a lower compressive strength in the dry state in

comparison with the reference samples, but their strength is

higher if they are suited in wet environments.

Fig. 5 SEM photographs of the reference sample samples a and the ternary gypsum-based materials b stored in water environments and

measured in the age of 182 days

Table 8 Basic physical

properties of studied samples

(after 28 days of hydration)

stored in laboratory conditions

(A) and in the water

environment (W)

Mixture Storage Bulk density/kg m-3 Matrix density/kg m-3 Open porosity/%

R A 1062 2578 59.2

W 1036 2039 49.2

SF A 996 2218 55.1

W 995 2475 59.8
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Conclusions

In this paper, a possible utilization of gypsum-based

materials in wet environment was studied. A system con-

taining of gypsum, lime, and silica fume was stored under

laboratory conditions in air and water. The influence of

silica fume on the performance of the newly designed

system was studied and compared with a reference material

consisting only of gypsum and lime. Some selected prop-

erties were measured in a time up to 182 days of hydration.

The results obtained in this study can be summarized as

follows:

• The pozzolanic reaction was activated by the addition

of silica fume. It can be documented with the presence

of CSH phases which were successfully detected via

SEM photographs. These phases were indirectly seen

also on the thermogravimetry results.

• The portlandite was consumed at samples with silica

fume by the pozzolanic reaction already after 35 days

of hydration, and it was not observed in the samples

with the age of 91 days which also refers to the positive

influence of the silica fume addition on this reaction.

• The carbonation level was lower for samples stored in

the water environment, as it was expected. However, in

the case of samples with silica fume, the samples were

preserved even in laboratory conditions. It implies that

silica fume can even protect the samples against

carbonation (up to 182 days).

• From the results of the compressive strength measure-

ments, it can be concluded that the reference samples

has the lowest performance in the water environment,

while the samples enriched with silica fume show even

an increase in strength in time.

The results also show that in contrary to gypsum itself,

newly designed gypsum-based ternary binders with silica

fume exhibit a good performance in the wet environment.

Therefore, their properties should be studied more exten-

sively because these materials have a potential to be used

for the production for lightweight materials for thermal

insulation boards, renovation and fireproof mortars or it can

be prepared in the form of light-weighted blocks for load-

bearing walls with thermal insulation properties.
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E, Černý R. Thermal analysis of high-performance mortar con-

taining burnt clay shale as a partial portland cement replacement

in the temperature range up to 1000�C. Fire Mater.

2017;41(1):54–64.
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