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The dehydration of gypsum (CaSO4 · 2H2O) into calcium sulfate
hemihydrate (CaSO4 · 0.5H2O) and anhydrites (c-CaSO4 and
b-CaSO4) was carried out by heating under a constant pressure
of water vapor using Controlled transformation Rate Thermal
Analysis. No intermediate formation of calcium sulfate hemi-
hydrate occurred under a pressure of water vapor of 1 and 500 Pa
(at the slow reaction rates used), whereas the transformation of
gypsum into calcium sulfate hemihydrate was observed at 900
Pa. This transformation occurred without any lattice trans-
formation when micron-sized needle-shaped crystals of gypsum
were used, although a partial lattice transformation was observed
when the starting sample was a centimeter-sized single crystal of
gypsum. ( 1998 Academic Press

INTRODUCTION
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The mechanical strength of set plaster depends on the crys-
tal habit and size, on the porosity, and also, quite strongly,
on humidity. The mechanical strength of set plaster is
weakened after adsorbing only a few percent of water, but it
recovers its properties on desorption. The work of Coquard
and Boistelle (1) showed that this dramatic effect of water
does not result from gypsum solubilization in the presence
of high relative humidity and led to the suggestion that it
could be the result of water adsorption on the crystals of
gypsum.

Set plaster consists of entangled crystals. Its cohesion and
strength are the result of both this entanglement and inter-
crystalline interactions. The faces of the crystals involved in
these interactions are not the same from one crystal mor-
phology to another. For example, for needle-shaped crys-
tals, the faces involved are mainly (010), (120) and (11 11) in
contrast to tabular crystals (grown in the presence of diethy-
lene triamine pentaacetic acid) in which the faces involved
are mainly (010), (120) and (11 01) (2). Therefore, as the rela-
tive proportions of the different faces are known, it is impor-
tant to obtain information about adsorbed water to assess
its role in these interactions. Several studies on gypsum
dehydration were previously carried out (3—11), but water
adsorption on gypsum crystals has not been studied. In
order to study water adsorption on gypsum crystals, it is
necessary to be able to define a reproducible surface state of
the crystals (i.e., to be able to eliminate physisorbed species
without affecting the chemical state of the surface). This is
difficult because gypsum is thermodynamically unstable un-
der vacuum, even at room temperature. It is for this reason,
in this preliminary study, that we have used Controlled
transformation Rate Thermal Analysis (CRTA) (12). This
technique uses a feedback from the sample reaction itself to
input into the algorithm governing the furnace control, thus
allowing a decrease in the temperature and pressure gradi-
ents within the reacting sample which may often lead to
irreproducibilities. This allows the preparation of a repro-
ducible state to be defined before water adsorption studies.
0022-4596/98 $25.00
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FIG. 1. Setup used for Controlled transformation Rate Thermal Anal-
ysis. A, sample; B, glass or fused-silica cell; C, Furnace; D, thermocouple;
F and H, Pirani gauges; G, Diaphragm; and I, pumping system.

38 BADENS ET AL.
The control obtained using CRTA permits a thermal
pathway to be characterized at each point, not only by the
sample temperature but also by the rate of reaction and,
more importantly, by the gaseous environment (nature and
concentration). This technique is thus also suited to an
analytical study of the dehydration of gypsum crystals.
Furthermore, it is also possible to control the residual
pressure above the sample at different values so permitting
an understanding of this latter parameter. This is the first
time that such a technique has been employed on this
material showing the progressive transformation of gypsum
into other phases. Conventional thermogravimetric analysis
of gypsum dehydration shows an apparent continuous
water loss even when there is an intermediate partially
dehydrated product (7).

EXPERIMENTAL

Generally, the thermal dehydration of gypsum is reported
to lead to the formation of the following products:
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c-CaSO
4

is called soluble anhydrite because of its spontan-
eous hydration into hemihydrate under common atmo-
spheric conditions and into gypsum upon immersion in
water.

Sample

The set plaster and gypsum powder samples, both made
of micron-sized needles of gypsum, were prepared from the
dissolution of calcium sulfate hemihydrate b (provided by
Lafarge) in water. The stoichiometric amount of water re-
quired to hydrate 1 g of hemihydrate is 0.186 g. Neverthe-
less, to obtain homogeneous samples of set plaster, it is
necessary to first prepare homogeneous pastes with the
hemihydrate powder. The Water/Hemihydrate (W/H) mass
ratio used was equal to 0.6 to obtain our samples of set
plaster and was equal to 20 to obtain gypsum powder. In
this latter case, the hydration occurred without setting be-
cause of the large quantity of water. The average particle
size is 15]1.2]1.2lm3 for set plaster and 18]1.3]0.7 lm3

for gypsum powder. Set plaster is a porous cohesive mater-
ial with a porosity of 57.7% (porous volume/overall volume)
measured with a Purcell mercury porosimeter. We worked
with mass of samples ranging from 20 to 105 mg. The
accurate composition of the initial calcium sulfate hemihyd-
rate b is well known, and its purity is equal to 96%. The
major impurity is calcium carbonate (2.5%). Single crystals
of gypsum were centimeter-sized and of natural origin.

Apparatus and Methodology

The CRTA experimental setup is shown in Fig. 1. Sample
A is located in a glass or fused-silica cell B which is itself in
a refrigerated furnace C (allowing temperatures from 240 to
920 K). The sample temperature is measured by means of
thermocouple D. Sample cell B is attached, by means of
a Cajon VCR 1/4@ fitting, to the vacuum line which is
exclusively made of all-metal high-vacuum elements. The
vapor evolving from the sample flows through diaphragm
G before reaching the pumping system I. At the start of each
experiment, the pressure is lowered, by using pumping sys-
tem I, from 105 Pa down to the desired value. The pressure
is measured by Pirani gauges (PI 101 from Alcatel). The
same pressure signal is sent to the heating controller of the
furnace. The heating of the sample then takes place in such
a way as to keep constant at a preset value the vapor
pressure generated by the sample itself. Values of 1, 500, and
900 Pa were selected for the experiments reported here.
With the preceding setup, maintaining a constant pressure
measured by gauge F means maintaining a constant vapor
flow through diaphragm G (since the vacuum available



FIG. 2. Dehydration of a powder of gypsum needles (initial mass:
100mg) (W/H"20) at P "1Pa at a reaction rate of 0.015 h~1.
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downstream is also constant). Because the whole vapor flow
is the result of dehydration of the sample itself, the experi-
ment is carried out not only under a constant residual vapor
pressure of water but also at a constant rate of dehydration.
The gas flow depends on the geometry of diaphragm G and
on the pressure drop across it. As soon as the stationary
state is attained, the gas flow, to the pumping system, is
equal to the rate of production of the gaseous phase, which
is thus constant. The degree of reaction is defined as 0 at the
start of the reaction (t"t

0
) and as 1 at the end of the step

(t"t
f
). Times t

0
and t

f
are those when the preset residual

pressure above the sample is reached and when the pressure
drops, respectively. Reaction rate C, is expressed in h~1

[reciprocal of the time needed to complete the step:
C"1/(t

f
!t

0
)].

Because the dehydration is carried out at a constant rate,
the length of each dehydration step varies linearly with the
corresponding weight loss. Therefore, the plot of temper-
ature versus time corresponds to a real thermogravimetric
curve, *m"f (¹ ), on which it is possible to identify each
dehydration step.

Characterization of the Dehydration Products

Each gypsum sample contains a well-known amount of
impurities (4%). Prior to the calculation of the weight loss
resulting from water removal, we took into account this
amount. Accordingly, the weight loss refers to pure gypsum.
Furthermore, the sample of gypsum was weighed in the cell
after the pressure had been lowered and before the temper-
ature increased. At the end of the dehydration, the sample
was also weighed in the closed cell in order to prevent
spontaneous rehydration of the sample in contact with the
humidity of the air. We tried to pour oil over the dehydra-
tion products to prevent them from rehydrating upon con-
tact with air, but the products did not diffract enough to be
resolved from the background because of oil diffusion. X-
ray diffraction (XRD) studies were systematically carried
out in order to characterize final products. The Debye—
Scherrer diagrams were obtained using X rays with wave-
length: CuKa

1
"1.54056As and an exposure of 16000 s. The

detector used was an INEL CPS 120 system. The Laue
diffraction diagrams have been taken with a Diffractis 581
apparatus (Enraf Nonius Delft). The crystal of gypsum of
natural origin was mounted on a removable holder so that
the b axis of the monoclinic crystal was parallel to the
incident beam and perpendicular to the plane of the X-ray
film.

RESULTS

The CRTA experiments were carried out under three
different residual water vapor pressures: 1, 500, and
900 Pa.
CRTA at PH2O"1 Pa

Figures 2, 3, and 4 represent the experimental CRTA
curves obtained for the dehydration of three initial samples:
100 mg of a powder of gypsum needles (W/H"20) at a rate
of 0.015 h~1 (Fig. 2), 20 mg of set plaster (W/H"0.6) at
a rate of 0.010 h~1 (Fig. 3), and a 26.3 mg single crystal of
gypsum obtained by cleavage of a natural sample at a rate of
0.015h~1 (Fig. 4).

The three curves show only one dehydration step (part
AB). The XRD analysis gave, for all three final products, the
Debye—Scherrer diagram of b-CaSO

4
(Fig. 5). This is in

good agreement with the mass analysis. The weight loss
between point A and point B was about 20.9%, and the
theoretical weight loss of water of recrystallization for the
transformation of gypsum into anhydrite is 20.92%. No
calcium sulfate hemihydrate was detected at this water va-
por pressure of 1 Pa.

On the experimental curves, we observe a step at 840 K
for gypsum powder (Fig. 2) and at 793 K for set plaster
(Fig. 3). We can explain this step, which does not exist for
pure single crystals, by the thermolysis of calcium carbon-
ate. The hemihydrate used to obtain set plaster and gypsum
powder contained about 2.5% of CaCO

3
, so that we detec-

ted the removal of carbon dioxide. Surprisingly, we ob-
served that the temperature of CO

2
removal is not the same

for the two samples, whereas there is no difference in the
temperature of water removal. Mineralogical properties of
the sample can influence the temperature of decomposition
(3). The temperature of water removal does not depend on
these properties in our case but obviously the decomposi-
tion temperature of calcium carbonate does. We have no
other experimental evidence for strengthening this inter-
pretation.
H2O



FIG. 3. Dehydration of set plaster (initial mass: 20mg) (W/H"0.6) at
P
H2O

"1Pa at a reaction rate of 0.010h~1.
FIG. 5. Debye—Scherrer diagram of the final product of the dehydra-

tion of a single crystal of gypsum at P
H2O

"1 Pa at a reaction rate of
0.015h~1; Debye—Scherrer diagram of b-CaSO

4
.
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CRTA at PH2O"500 Pa

Figure 6 represents the experimental CRTA curve ob-
tained for a sample of 105 mg of set plaster (W/H"0.6) at
a rate of 0.014 h~1. The curve shows only one dehydration
step (part AB). The XRD analysis of the final product gave
the Debye—Scherrer diagram of b-CaSO

4
similar to the

Debye—Scherrer diagram of Fig. 5. This is in good agree-
ment with the mass analysis. The weight loss between point
A and point B is about 20.9%. No calcium sulfate hemihyd-
rate was detected at this water vapor pressure of 500 Pa.

CRTA at PH2O"900 Pa

Initial Sample: Set Plaster (Micron-Sized Needles of Crys-
tals of Gypsum). Figure 7 represents the experimental
CRTA curve obtained for a sample of 100 mg of set plaster
W/H"0.6 at a rate of 0.022 h~1. The curve shows two
FIG. 4. Dehydration of a single crystal of gypsum (initial mass:
26.3mg) at P

H2O
"1 Pa at a reaction rate of 0.015 h~1.
steps, between A and C at about 353 K and between C and
E at about 381K, which suggests the existence of two
dehydration steps. The length ratio of 3/1 of step AC and
step CE suggests that the first step corresponds to the
transformation of gypsum (CaSO

4
) 2H

2
O) into calcium sul-

fate hemihydrate (CaSO
4
) 0.5H

2
O) (loss of 3/2 molecules of

water) and that the second step corresponds to the trans-
formation of calcium sulfate hemihydrate into anhydrite
(c-CaSO

4
) (loss of 1/2 molecule of water).

The weight loss, 20.9% between point A and point E,
indicates a complete removal of the crystallization water.
From the XRD analysis carried out after the experiment, the
final product was found to be c-CaSO

4
, although diffraction

peaks of calcium sulfate hemihydrate (Fig. 8) were observed
resulting from the spontaneous rehydration of c-CaSO

4
into calcium sulfate hemihydrate.
FIG. 6. Dehydration of set plaster (initial mass: 105mg) (W/H"0.6) at
P
H2O

"500Pa at a reaction rate of 0.014h~1.



FIG. 7. Dehydration of set plaster (initial mass: 100mg) (W/H"0.6) at
P
H2O

"900 Pa at a reaction rate of 0.022 h~1.

FIG. 9. Debye—Scherrer diagram made at point D of the curve showed
in Fig. 7. It corresponds to a mixture of gypsum and hemihydrate.
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A Debye—Scherrer diagram of the sample made at point
D of the curve shown in Fig. 7 corresponds to a mixture of
gypsum and calcium sulfate hemihydrate (Fig. 9), whereas
we expected not to find gypsum, the curve showing the end
of the first step of dehydration. Calcium sulfate hemihydrate
resulted from the spontaneous transformation of c-CaSO

4
into calcium sulfate hemihydrate as soon as the material
was exposed to air after the experiment. We carried out
X-ray phase analysis based on the dependence of the inten-
sity of reflection on the contents of the corresponding phase.
We used a peak decomposition program DECOMPXR (13)
which provided us with accurate information, intensity of
the peaks associated with all the phases present in the
sample. We found 55% of hemihydrate and 45% of gypsum.
FIG. 8. Debye—Scherrer diagram of the final product of the dehydra-
tion of set plaster (W/H"0.6) at P

H2O
"900Pa at a reaction rate of

0.022h~1; Debye—Scherrer diagram of hemihydrate b.
Initial Sample: Single Crystal of Natural Gypsum (Centi-
meter-Sized ). At P

H2O
"900Pa and at a rate of 0.023 h~1,

we obtained a similar experimental CRTA curve to the
previous sample of set plaster made of micron-sized needles
of gypsum of Fig. 7. Before the CRTA experiment, we took
two Laue diffraction diagrams, one with a ponctual beam
(Fig. 10) and another one with a beam with a large rectangu-
lar cross section (Fig. 11). From the Cole and Lancuki data
(14), we have simulated the Laue diffraction diagram (Fig.
12). The comparison between Fig. 12 and Fig. 10 shows that
the structure of gypsum crystal is in good agreement with
the unit cell proposed by Cole and Lancuki. We stopped the
CRTA experiment, at a first point approximately at the
middle of the dehydration step of gypsum into hemihydrate
FIG. 10. Laue diffraction diagram (ponctual beam) of the single crystal
of gypsum taken before the CRTA experiment.



FIG. 11. Laue diffraction diagram (beam with a large rectangular cross
section) of the single crystal of gypsum taken before the CRTA experiment.

FIG. 13. Laue diffraction diagram (beam with a large rectangular cross
section) of the dehydration product taken point B of the curve showed in
Fig. 7.
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(point B of Fig. 7). At this stage, we observed a water loss of
11% and a Laue diffraction diagram taken with a beam
with a large rectangular cross section (Fig. 13) showed that
the sample was still a single crystal. We continued the
experiment and stopped again at a moment corresponding
to a loss of water of 15.7% and consequently to the end of
the dehydration of gypsum into calcium sulfate hemihydrate
(point C of Fig. 7). The Laue diffraction diagram realized at
point C shows locally reinforced Debye—Scherrer rings
characteristic of a texture made of a multitude of small
crystals with a preferred orientation (15). This preferred
orientation of the polycrystalline dehydration phase in the
FIG. 12. Laue diffraction diagram of a single crystal of gypsum
simulated from Cole and Lancuki data.
crystal parent was already observed and interpreted by
Richards (4) concerning the transformation of gypsum into
calcium sulfate hemihydrate or into anhydrite. In this study,
we did not investigate the texture. In order to characterize
the crystalline structure of the small crystals, we made
a Debye—Scherrer diagram. Because of the orientations of
small crystals and because the specimen was not rotated
about its own axis during the experiments, we did not
observe simultaneously all the diffraction hkl reflections as
in the case of ‘‘true’’ powder diagram. Depending on the
zone observed on the sample, we obtained either diffraction
of hkl planes of calcium sulfate hemihydrate or diffraction of
hkl planes of gypsum. The Debye—Scherrer diagram ob-
tained was of poor quality, showing a poorly crystallized
material. These results showed that the lattice transforma-
tion of the initial single crystal was incomplete.

DISCUSSION

Transformation of Gypsum into Calcium Sulfate
Hemihydrate

Because at point D on the curve in Fig. 7 the dehydration
of gypsum into calcium sulfate hemihydrate is complete,
whereas the Debye—Scherrer diagram shows a mixture of
gypsum and hemihydrate (Fig. 9), a solid/solid transforma-
tion of gypsum into calcium sulfate hemihydrate occurred
without a lattice transformation. The gypsum as final prod-
uct cannot result from a rehydration of calcium sulfate
hemihydrate because we strongly controlled the mass of the
product when the sample was brought back to atmospheric
conditions prior to XRD analysis. A rehydration of hemi-
hydrate would result in an increase of the mass of about



FIG. 14. Dehydration of a powder of gypsum needles (initial mass:
100mg) (W/H"20) at P

H2O
"1Pa at a reaction rate of 0.020 h~1.
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8mg which would have been detected. During the XRD
analysis, adsorption of water was not observed in the
Debye—Scherrer diagram.

If the gypsum lattice as the final product lattice does not
result from the rehydration of calcium sulfate hemihydrate
and if the dehydration of gypsum has been complete, this
study reveals that there is a transformation of gypsum into
calcium sulfate hemihydrate without lattice transformation
in the case of micron-sized needles of gypsum dehydration
and with a partial lattice transformation in the case of
single-crystal dehydration. This part of the study needs
more precise investigation. For our part, we can just notice
that the lattice transformation of gypsum into calcium sul-
fate hemihydrate involves important changes even if they
both crystallize in the monoclinic system (Table 1). So, if the
dehydration occurs very slowly, in a ‘‘soft chemistry’’ man-
ner as induced by CRTA, it is not surprising to keep the
initial lattice. A topotactic transformation of gypsum into
hemihydrate was often assumed (10, 11) but not really dem-
onstrated. Conversely, there is more information about the
topotactic transformation of hemihydrate into gypsum
(17—19). In the present study, because a topotactic trans-
formation is assumed to be a solid phase chemical reaction
which leads to a material with crystalline orientation related
to the orientations of the initial product (20), a topotactic
transformation without lattice transformation under the
conditions of our study and with micron-sized needle-
shaped crystals of gypsum is proposed. We observed a par-
tial lattice transformation with the centimeter-sized single
crystal. The size of the crystal makes such a difference
because water removal creates more stresses in a centimeter-
sized crystal than in a micron-sized one.

Transformation of c-CaSO4 into b-CaSO4

The transformation of c-CaSO
4

into b-CaSO
4
, already

studied by several authors (3, 5—8), occurs somewhere be-
tween 400 and 500K. Under our experimental conditions
(residual water vapor pressure of 1Pa, reaction rate of
0.020h~1), it takes place at 423K (Fig. 14). This is deter-
mined by a small peak in the CRTA curve: the exothermic
recrystallization accelerates gas evolution from the sample
(sharply because of self-heating and because of a weakening
TABL
Data on the Crystal Lattice of

Matrix a (As ) b (As ) c (As )

CaSO
4
) 2H

2
O (14) Monoclinic 5.670 15.201 6.533

CaSO
4
) 5H

2
O (21) Monoclinic 12.019 6.930 12.670

c-CaSO
4

(21) Orthorhombic 12.077 6.972 6.304
b-CaSO

4
(22) Orthorhombic 7.006 6.998 6.245
of water bonding in the solid during its reorganization) so
that the CRTA control loop tends to cool down the sample.
A similar phenomenon was observed, again by CRTA, for
the dehydration of a zirconia gel (23). In general, the exist-
ence and position of the perturbation not only depends on
vapor pressure and reaction rate but also on the crystalline
structure, thermal conductivity, and impurity content.

CONCLUSION

Depending on water vapor pressure, the thermal path
varies, and consequently the dehydration products also
vary. At 500Pa or below, there is only one dehydration step
from gypsum to c-CaSO

4
. At 900Pa, calcium sulfate hemi-

hydrate is an intermediate product between gypsum and
c-CaSO

4
. An original result of this study is that, depending

on the microstructure of the initial sample of gypsum, the
lattice of the intermediate calcium sulfate hemihydrate var-
ied. There is no transformation of the gypsum lattice in the
case of micron-sized needles of gypsum, and there is a par-
tial transformation in the case of centimeter-sized single
crystals of gypsum.

Future work will concern CRTA experiments at higher
water vapor pressure, above 900Pa, in order to observe the
E 1
the Different Calcium Sulfates

a (°) b (°) c (°) Cell volume (As 3) Cell content

90 118.6 90 494.37 4(CaSO
4
) 2H

2
O)

90 90.23 90 1055.30 12(CaSO
4
) 5H

2
O)

90 90 90 530.80 6(CaSO
4
)

90 90 90 306.18 4(CaSO
4
)



44 BADENS ET AL.
removal of adsorbed water which would appear in Fig. 7 in
the first part of the variation of temperature before point A.
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