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Influence of calcination temperature on hydration behavior, strength, and 
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A B S T R A C T   

The mineralogical composition, microstructure, and reactivity of traditional gypsum, a multiphase product, is 
closely connected to its calcination temperature, but systematic studies which relate those features to mechanical 
properties and weathering resistance of plasters are scarce. Here we examined the hydration behavior of gypsum 
calcined between 100 and 1000 ◦C, which contained varying amounts of uncalcined gypsum, bassanite, and/or 
anhydrite II. 

Detailed hydration and textural studies allowed the identification of the underlying mechanisms leading to 
differences in plaster performance related to (i) delayed hydration of anhydrite II along with modifications of the 
pore system; (ii) a filler effect exerted by anhydrite II and uncalcined gypsum; (iii) disruption of the plaster 
matrix by uncalcined gypsum; (iv) seeded crystallization in the presence of uncalcined gypsum and anhydrite II. 
Findings of this study further the understanding of traditional gypsum plaster performance and open opportu-
nities for the development of sustainable building materials by designing optimized gypsum-based mixtures for 
specific application.   

1. Introduction 

Gypsum (CaSO4⋅2H2O) has been an important building material 
since ancient times and was traditionally used for a wide variety of 
interior/exterior and structural applications (Fig. 1), including columns, 
load-bearing walls, arches, vaults, cantilevered staircases, façades, and 
floors [1–3]. By comparison, todaýs industrially produced gypsum is 
essentially limited to interior use for finishing and decorative purposes 
[4]. The proximity of large gypsum deposits was certainly a decisive 
factor for extensive gypsum use in monumental and popular architecture 
in many regions [3,5]. However, it has also been suggested that the 
widespread, more versatile use of traditional gypsum originated from its 
superior mechanical strength and weathering resistance as compared to 
modern gypsum-based materials. The former was typically calcined at 
higher temperatures, which led to a multiphase product. Depending on 
the calcination T this product might contain bassanite (CaSO4⋅0.5H2O) 
and anhydrite (CaSO4) together with small quantities of uncalcined 
gypsum, (activated) clay minerals, quartz, carbonates, and (at high T) 
quicklime [6]. Modern building gypsum obtained under controlled 
calcination conditions at low temperature (i.e., 135–180 ◦C), in contrast, 
is generally of high purity and contains mainly bassanite, 

(β-hemihydrate [7]). 
Experimental calcination has shown that T of up to ~ 1000 ◦C can be 

reached in traditional gypsum kilns [2,8,9] and numerous analyses of 
historic gypsum mortars and plasters from various European countries 
(e.g., Portugal, Italy, Poland, and Germany) have revealed the presence 
of significant amounts of anhydrite [4,10,11,12]. Considering that T in 
traditional kilns was not homogeneous and that the highest T was only 
reached close to the combustion chamber [2], gypsum stones underwent 
different degrees of calcination depending on their location within the 
kiln. Furthermore, calcination might have been incomplete in the case of 
large gypsum stones (Fig. 2a) and the core of these stones could still 
contain uncalcined gypsum. Uncalcined gypsum was usually removed 
prior to further processing as it complicated manual grinding due to its 
elevated hardness, while the remaining calcined gypsum was commonly 
ground without any further sorting [2] to obtain a multiphase product 
with commonly high anhydrite II content [9]. 

Research related to traditional multiphase gypsum has mainly 
focused on the mineralogical and textural characterization of historic 
mortars and plasters [6,10,11,12,13]. There is, however, a lack of sys-
tematic studies which correlate the properties of the set plaster (i.e., 
mechanical strength and weathering resistance) with the calcination 
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conditions of the raw material and its hydration behavior. Most recent 
investigations focus on waste by-product/recycled gypsum-based ma-
terials (e.g., phosphogypsum [14], flue gas desulfurization gypsum [15], 
or recycled building waste gypsum [16]), which are normally calcined at 
T < 200 ◦C to obtain sustainable building materials [14–18]. Studies 
involving higher calcination T typically use by-product gypsum (i.e., 
phosphorgypsum with and without additives) and the resulting miner-
alogical composition and hydration behavior are not comparable with 
those of traditional gypsum [19,20]. In order to fill the existing 
knowledge gap regarding the influence of calcination T on the perfor-
mance of historic multiphase plaster, raw gypsum was calcined over a 
wide T range (100–1000 ◦C) in order to mimic the traditional calcination 
process and obtain material representative of calcined gypsum stones 
from different locations within the kiln. Hydration of the calcined 
product was performed in small batches to determine its reactivity 
(hydration kinetics) as well as the mechanical strength and weathering 
resistance of the cured plaster. Test results are discussed considering 
mineralogical and textural features of the calcined and hydrated gypsum 
obtained at different T in order to explain the underlying mechanisms 
controlling the performance of traditional multiphase gypsum. 

The outcome of this investigation not only provides important 
insight into the effect of the traditional calcination process on the per-
formance of gypsum plaster, but will also help practitioners to formulate 
compatible multiphase products for specific applications in the field of 
heritage conservation and new constructions. The latter is of special 
importance as gypsum has the potential of replacing building materials 
with greater carbon footprint and could contribute to the sustainability 
of modern constructions [7]. Indeed, gypsum does not release CO2 upon 
calcination and requires lower calcination T as compared to other 
binders such as lime (~900 ◦C) or Portland cement (~1400 ◦C), thus 
reducing production costs and environmental impact. Furthermore, its 
grinding is less energy intensive as compared to clinker grinding in the 
case of Portland cement, and gypsum-based construction waste might 
easily be recycled by simple calcination, thus contributing to a circular 
economy [21]. 

2. Materials and methods 

2.1. 1. Materials and sample preparation 

Gypsum from outcrops close to the village of Calamocha (Teruel, 
Spain), a region which has a long tradition of architectural gypsum use, 
was extracted manually [2] and separated into small pieces of approx-
imately 1.5 cm x3 cm x4 cm. Note that this type of gypsum has tradi-
tionally been used for exterior rendering [8]. Calcination was performed 
in an electric furnace (Model CR-35, Herotec, Spain) over a wide T range 
from 100 to 1000 ◦C at a heating rate of ~ 1.8 ◦C/min (Fig. 2b) in order 
to mimic the firing process in traditional gypsum kilns based on in situ T 
measurements during a traditional field calcination using firewood [2]. 
Small batches were extracted from the furnace at predetermined tem-
peratures (i.e., 100, 150, 200, 250, 300, 350, 400, 500, 600, 700, 800, 
900, and 1000 ◦C) for analysis and plaster preparation. 

About 50 g of gypsum calcined at each target T were ground 
manually and mixed with MilliQ® water (water/solid ratio = 0.6). Cy-
lindrical (2.5 cm in diameter and 0.5 cm height, used for weathering 
tests) and prismatic plaster samples (1 cm x 1 cm x 4 cm, used for all 
other tests) were prepared using flexible rubber or plasticine molds, 
respectively. Plaster samples were demolded after 1 day and cured 
under laboratory conditions (i.e., 20 ± 3 ◦C and 50 ± 5 % RH) for 7 days 
prior to analysis and testing. It was not possible, however, to obtain 
coherent plaster samples using gypsum calcined at ≤ 150 ◦C and ≥
500 ◦C as those disintegrated upon demolding. Consequently, these 
samples were only analyzed with XRD and SEM but could not be sub-
jected to porosity measurements or mechanical and weathering tests. 

2.2. Analytical methods and testing 

X-ray diffraction (XRD, X’Pert PRO, Malvern Panalytical ltd., UK) 
was used to determine the mineralogical composition of gypsum before 
and after calcination, as well as of gypsum pastes upon hydration (using 
one powder specimen per gypsum sample). Equipment settings: Cu-Kα 
radiation (λ = 1.5404 Å); Ni filter; 45 kV voltage; 40 mA intensity; 
exploration range of 3 to 60 ◦2θ and goniometer speed of 0.05 ◦2θ/s. 
Mineral phase identification/quantification using reference intensity 
ratio (RIR) values, as well as the determination of the crystallite size 
(applying the Scherrer equation) were performed using XPowder 

Fig. 1. Ayyup Castle (Aragon, Spain) built in the 9th century using gypsum blocks and mortar.  
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software [22]. To determine the hydration kinetics of gypsum pastes 
using in situ XRD, small batches (i.e., 3 g gypsum mixed with MilliQ® 
water at a 1:1 water/solid ratio) were prepared. Immediately, after 
mixing, approximately 1 g of paste was filled into powder sample 
holders and analyzed by XRD. Patterns were collected continuously over 
a 2.6-hour period and an exploration range of 10–45 ◦2θ, amounting to a 
total of 30 successive patterns of 5.17 min duration each. The remaining 
sample was kept in well-sealed Falcon tubes (together with moist cotton 
wool to prevent premature drying) and analyzed over a period of up to 5 
weeks. In addition, the effect of small amounts of uncalcined gypsum or 
insoluble anhydrite II calcined at 800 ◦C (i.e., 1, 5, 10, and 20 wt%) on 
the hydration of pure bassanite (obtained by calcining gypsum at 200 ◦C 
for 6 h) was studied using pastes with a 1:1 water/solid ratio. Samples 
were analyzed by in situ XRD over a ~ 2.6-hour period as described 
above. Here only gypsum, bassanite (β-hemihydrate) and sparingly 
soluble/insoluble anhydrite II were considered to determine the 
composition of calcined gypsum and its hydration evolution. A differ-
entiation between bassanite and readily soluble anhydrite III was not 
attempted due to the difficulty of assigning individual Bragg peaks to 
each phase based on conventional XRD analysis, especially since rehy-
dration of anhydrite III to bassanite is a very rapid process and difficult 
to avoid during sample handling (i.e., grinding) under ambient condi-
tions [23]. Using Raman spectroscopy, Schmid et al. [24] observed 
complete transformation of anhydrite III into bassanite within 30 min at 
80 ◦C in (humid) air. Even though the presence of anhydrite III cannot be 
ruled out completely, it seems unlikely that it would have influenced the 
hydration behavior of the calcined gypsum studied here. 

Simultaneous thermogravimetry and differential scanning calorim-
etry (TG-DSC, Mettler-Toledo TGA/DSC1, Switzerland) were employed 
to study the dehydration of the original uncalcined gypsum (using one 
specimen) over a temperature range of 25–450 ◦C at a heating rate of 
10 ◦C/min in flowing air (100 mL/min). 

Textural and compositional characteristics of one carbon-coated 
specimen per gypsum sample before and after calcination, as well as 
subsequent hydration were studied using field emission scanning elec-
tron microscopy (FESEM, AURIGA, Carl Zeiss, Germany) coupled with 
energy dispersive spectrometry (EDS, INCA-200, Oxford Instruments, 
UK). Equipment settings: 10− 6 Pa vacuum and 3 kV acceleration voltage 
in secondary electron imaging mode. 

Porosity and pore size distribution of cured gypsum plasters (using 
one specimen per gypsum sample) were determined with mercury 
intrusion porosimetry (MIP) using an Autopore III 9410 porosimeter 
(Micromeritics, US). This instrument measures pores with 0.003–360 
µm diameter. Samples (0.95 ± 0.11 g) were kept in a dry environment 
using silica gel for at least 48 h prior to analysis and not oven-dried in 
order to avoid T-induced phase changes [25]. 

An Instron 3345 (Instron Co., US) was used to determine flexural and 
compressive strength of cured gypsum plasters using prismatic samples 
prepared with 0.6 water/solid ratio. Measurements were performed 

using an adapted version of the procedure described in EN 1015–11 
[26], applying a load of 500 N at 6 mm/min. Samples were dried in a 
ventilated oven for 48 h at 30 ◦C prior to testing. Again, such low T was 
chosen to avoid T-induced phase changes. Reported results are based on 
at least 3 specimens per plaster sample. 

The surface hardness (Leeb hardness, HLD) of cured gypsum plasters 
was measured using a durometer (rebound hammer, PCE-2500 N, PCE 
Instruments, Germany). Reported values are based on at least 8 mea-
surements performed on two specimens per plaster sample. In order to 
obtain additional insights into the effect of gypsum/anhydrite additions 
on the final surface hardness, a second set of plaster samples with 0.6 
water/solid ratio containing (i) 100 wt% bassanite; (ii) 50 wt% bassanite 
and 50 wt% gypsum; or (iii) 50 wt% bassanite and 50 wt% anhydrite 
was tested. 

Plaster samples were subjected to a non-standard accelerated 
weathering test in order to determine their resistance to the impact of 
water spraying and repeated wetting–drying. Cylindrical samples were 
placed on a vertical metal grid and sprayed on their circular face with 
deionized water (300 mL/sample⋅day) at a distance of 20 cm. The cir-
cular face was placed in a vertical position so that the water could run off 
to simulate the effect of rain on a building façade. Spraying was repeated 
15 times over a 3-week period. Samples were dried at 30 ◦C for 24 h in a 
ventilated oven between tests (i.e., until a constant weight was reached) 
in order to determine weight loss. Weight loss was calculated consid-
ering phase change-related weight gain during testing (i.e., the weight 
gain due to the hydration of calcium sulfate phases was calculated based 
on quantitative XRD analysis before and after the spraying test and 
added to the total weight loss determined for each sample at the end of 
the test). Tests were performed in duplicate. 

3. Results and discussion 

3.1. Gypsum calcination 

XRD analysis (Fig. 3a) revealed that the uncalcined gypsum was of 
high purity and complied with European standard EN 13279–1 [27] as it 
only contained small amounts (≤ 3 wt%) of quartz and carbonates 
(calcite and/or dolomite), as well as trace amounts of clay (note that 
quartz, carbonates and clays are not included in Fig. 3). Under the 
conditions of this laboratory study, which mimic the calcination process 
in traditional kilns, temperatures ≤ 150 ◦C did not promote significant 
dehydration of gypsum and the bassanite content remained below 5 wt 
%, while anhydrite II was not detected. At 200 ◦C, in contrast, the main 
phase was bassanite (~ 80 wt% and ~ 5 wt% anhydrite II) and the 
gypsum content decreased to ~ 10 wt%. These findings are consistent 
with TG-DSC data (Fig. S1), showing a split endothermic band corre-
sponding to bassanite and anhydrite III formation at 150 and 165 ◦C, 
respectively [28]. Dehydration advanced at 250 ◦C and gypsum was now 
only observed in trace amounts (< 1 wt%) together with ~ 5 wt% 

T

Fig. 2. Traditional calcination: a) field calcination in traditional kilns using gypsum stones of variable size; and b) temperature evolution versus time in an electric 
furnace (red line), mimicking the calcination process in a traditional kiln (green and blue lines) using firewood [2]. 
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anhydrite II, while bassanite amounted to ~ 95 wt%. Further T rise 
resulted in a sharp increase in anhydrite II content to ~ 75 wt% at 300 ◦C 
and > 95 wt% at 500 ◦C. The latter findings are in general agreement 
with TG-DSC data (Fig. S1), revealing an exothermic band centered at 
358 ◦C associated with the transition of soluble anhydrite III to insoluble 
anhydrite II [28,29]. 

Measurements of the crystallite size using high-intensity 200 and 020 
Bragg peaks of bassanite and anhydrite II, respectively, gave important 
information on the microstructural evolution upon calcination (Fig. 3b). 
In the case of bassanite an initially small decrease in crystallite size (<
10 %) at 250 ◦C was observed, which became more important (> 40 %) 
at 300–400 ◦C. The observed reduction in crystallinity was likely due to 
defect creation associated with incipient dehydration. A similar phe-
nomenon has been reported for other hydrated phases such as Ca(OH)2, 
where initial water loss resulted in defect creation and a reduction in 
crystallinity prior to the formation of the dehydrated product (CaO) 
[30]. Alternatively, the crystallinity reduction could also be related with 
the formation of anhydrite III, which has been reported for a 

temperature range between ~ 170–460 ◦C [31], but cannot be unam-
biguously identified with conventional XRD. Anhydrite II suffered a 
continuous crystallite size increase upon calcination, which was initially 
negligible (i.e., between 300 and 600 ◦C) but became more pronounced 
at T ≥ 700 ◦C. An identical trend was observed by Dariz et al. [32] who 
detected a concomitant reduction in specific surface area at T > 600 ◦C. 
These changes are characteristic of sintering processes [33] and explain 
the observed decrease in anhydrite reactivity with increasing calcination 
T (see section 3.2.). 

FESEM images provided detailed information on textural changes 
upon calcination. Uncalcined gypsum (Fig. 4a) showed the typical plate- 
like morphology with overdeveloped (010) faces, having the lowest 
surface energy and corresponding to the primary cleavage plane of 
gypsum [34]. Cleavage is favored along the {010} planes due to the 
presence of layers of water molecules, which alternate with layers of 
calcium and sulfate ions [35]. During the calcination of gypsum, phase 
transitions occur that follow a topotactic mechanism [36]. This means 
that the reactant acts as a template and a clear structural relationship 

T T

Fig. 3. Calcined gypsum: a) mineralogical composition (wt%) based on XRD analysis and b) crystallite size (nm) of bassanite (200 Bragg reflection) and anhydrite II 
(020 Bragg reflection) versus calcination T. 

Fig. 4. FESEM images of gypsum: a) 
uncalcined gypsum showing delamina-
tion along primary {010} cleavage 
planes; b) gypsum calcined at 200 ◦C 
containing > 80 wt% bassanite (note 
the extensive cracking associated with 
shrinkage along specific [hkl] directions 
due to H2O loss); c) gypsum calcined at 
400 ◦C containing ~ 90 wt% anhydrite 
(note the feather-like morphology); and 
d) gypsum calcined at 800 ◦C showing 
larger anhydrite grains with smooth 
surfaces and rounded edges due to 
sintering.   
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between parent and product phases exists [37]. At 200 ◦C the formation 
of abundant microfractures was observed, which was caused by volume 
changes upon calcination (Fig. 4b). According to Pritzel et al. [29], 
thermal decomposition of gypsum is initially accompanied by an 
expansion, which, however, is followed by a contraction once bassanite 
starts forming, thus resulting in crack development. The latter is not 
surprising, considering that the molar volume of gypsum (74.23 cm3/ 
mol) and bassanite (53.21 cm3/mol) differs by almost 30 %. The for-
mation of bassanite is accompanied by a rearrangement of water mol-
ecules, which now form water channels instead of planes [35]. Gypsum 
calcined at 400 ◦C (Fig. 4c) contained ~ 90 wt% anhydrite and exhibited 
a feather-like morphology likely due to further mineral contraction, 
which can be explained by the additional reduction in molar volume of 
~ 15 % upon formation of anhydrite II (45.64 cm3/mol molar volume). 
At 800 ◦C (Fig. 4d) the anhydrite morphology changed significantly, and 
grains now showed a smooth surface and rounded edges due to sinter-
ing. Apparently, smaller anhydrite grains were fused into neighboring 
bigger ones via surface diffusion, following an Ostwald ripening mech-
anism, which led to an increase in size [38]. 

3.2. Gypsum hydration 

As expected, bassanite and the small amount of anhydrite in gypsum 
calcined at ≤ 250 ◦C hydrated readily and transformed almost 
completely into gypsum through a dissolution/precipitation process 
(Fig. 5a) [37]. It was observed that differences in the 020/1 21 Bragg 
peak intensity ratio can be used to distinguish between uncalcined 
gypsum (having a peak ratio of 3.1–7.2) and gypsum formed upon hy-
dration (having a peak ratio of 1.0–1.1, Fig. S2). The reduction in peak 
ratio is consistent with the reduction in the relative surface area of the 
(010) faces due to the change in crystal habit from plate-like in uncal-
cined gypsum to acicular crystals in gypsum formed upon hydration (see 
FESEM results below). 

Higher calcination T rendered anhydrite less reactive, and a large 
portion did not hydrate in plasters with a 0.6 water/solid ratio cured at 
20 ± 3 ◦C and 50 ± 5 % RH for 7 days. Indeed, < 50, 25, and 10 % of 
anhydrite hydrated and transformed into gypsum in plasters prepared 
with gypsum calcined at 300, 400, and 500 ◦C, respectively (Fig. 5a). 
Considering that the water/solid ratio of historic gypsum might have 
been as low as 0.4 [4], incomplete hydration is probable and is consis-
tent with large amounts of anhydrite detected in ancient plasters and 

mortars [4,10,11,12]. 
The in situ XRD study of the hydration kinetics of gypsum pastes 

prepared with a higher 1:1 water/solid ratio and cured at 100 % RH to 
favor hydration (complemented with ex situ XRD analysis of samples 
subjected to long term hydration) provided further insight into the effect 
of calcination T on the reactivity of bassanite and anhydrite II (Fig. 5b). 
This analysis revealed an extremely fast hydration within 15–20 min of 
gypsum calcined at 200 ◦C, originally containing ~ 80 wt% bassanite, 5 
wt% anhydrite II and 10 wt% uncalcined gypsum. In the case of gypsum 
calcined at 300–400 ◦C, originally containing 75–90 wt% anhydrite II, it 
took 3 and 6 days, respectively, to obtain complete hydration. Gypsum 
calcined at 500 and 600 ◦C did not hydrate completely even after curing 
at 100 % RH for 8 days and samples still contained > 40 and 70 wt% 
anhydrite II, respectively. Calcination at 700 ◦C rendered anhydrite even 
less reactive and only ~ 5 wt% had transformed into gypsum after 8 
days. It took 40 days to achieve almost complete hydration (i.e., ~95 wt 
% gypsum content, not included in Fig. 5b). Finally, gypsum calcined at 
800 ◦C did not hydrate at all after 8 days and reached ~ 50 % hydration 
after 2 months. These findings are in good agreement with results by 
Schmid et al. [24], who also detected a drastic decrease in reactivity of 
gypsum calcined at T ≥ 650 using Raman spectroscopy. 

Considering the above results and to evaluate the possible effect of 
either uncalcined gypsum or newly formed anhydrite II on the kinetics of 
bassanite hydration, additional experiments comparing the hydration of 
paste samples prepared with pure bassanite and bassanite with varying 
amounts of uncalcined gypsum or insoluble anhydrite II were per-
formed. These tests revealed that small gypsum or anhydrite II additions 
(i.e., 1, 5, 10, and 20 wt%) accelerated the setting of gypsum pastes 
significantly. Indeed, the hydration of bassanite was 2.4–3.2 times faster 
in the presence of 1–20 wt% gypsum, and no important differences 
regarding the influence of the varying amounts of gypsum were detec-
ted, suggesting that the threshold concentration for such acceleration 
was ≤ 1 wt% gypsum (Fig. 5c). In the case of anhydrite an acceleration 
was also observed (Fig. 5d), which, however, seemed to depend on the 
anhydrite concentration and was faster in pastes with 20 wt% anhydrite 
(i.e., bassanite hydration was 3.2 times faster than in pastes prepared 
with pure bassanite) as compared to samples containing only 1–10 wt% 
anhydrite (i.e., bassanite hydration was 1.6–2.0 times faster than in 
pastes prepared with pure bassanite). Apparently, the added gypsum 
and anhydrite II acted as seeds fostering heterogeneous nucleation. 
Gypsum seeds are known to promote homoepitaxial growth of gypsum 
crystals, whereas anhydrite II seeds can induce epitaxial growth of 
gypsum crystals [39], both effects leading to a reduction in the crys-
tallization induction time [40,41]. Seeded crystallization has been 
employed in various technical processes including water desalination 
[42] and cement setting (i.e., addition of CSH seeds to accelerate setting) 
[43] but might be of limited use in the case of gypsum as slow-setting 
plasters are generally preferred for most applications. 

These results suggest that hydration setting of multiphase gypsum 
will not only be influenced by the delayed anhydrite II hydration, but 
will also depend on the rate of bassanite hydration upon seeded crys-
tallization in the presence of either anhydrite II or uncalcined gypsum. 
The fact that even small amounts (1 wt%) of either phase effectively 
accelerated hydration is of practical importance, suggesting that pure 
bassanite would be preferable for application that require sufficiently 
long setting times. The addition of an adequate amount (< 50 wt%) of 
anhydrite II could, however, be beneficial in applications where early 
strength or improved surface hardness are required (see section 3.3.). 
Uncalcined gypsum addition, in contrast, drastically reduces work-
ability as it results in extremely fast hydration setting and does not seem 
recommendable for general use. 

FESEM analysis showed that gypsum calcined at 100 ◦C underwent 
little changes upon hydration and only a few newly formed small gyp-
sum crystals (arrows Fig. 6a) could be detected. This is consistent with 
XRD results (Fig. 3a), revealing that this sample contained ~ 95 wt% 
uncalcined gypsum. Plasters prepared with gypsum calcined at 200 ◦C 

Fig. 5. Hydration of calcined gypsum based on XRD analysis: a) mineralogical 
composition (wt%) of gypsum plasters with 0.6 water/solid ratio after 7-day 
curing; b) evolution of the gypsum content (wt%) upon prolonged hydration 
of gypsum pastes with a 1:1 water/solid ratio; and hydration of bassanite with 
c) gypsum and d) anhydrite II additions (seeded crystallization). Bas = bas-
sanite, Gy = gypsum, and Anh = anhydrite (lines in (b-d) are a guide to 
the eye). 
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Fig. 6. FESEM images of calcined gypsum upon hydration: a) gypsum calcined at 100 ◦C, showing delamination along primary cleavage planes {010} of (partially) 
uncalcined gypsum and a few small newly formed gypsum crystals (arrows); b) gypsum calcined at 200 ◦C, showing newly formed large gypsum crystals with the 
typical acicular/blade-like habit together with c) grains of uncalcined gypsum (arrows); d) gypsum calcined at 400 ◦C, showing feather-like morphology of anhydrite; 
e) same sample, showing the partial disintegration of aggregated anhydrite crystals (arrows) together with acicular gypsum crystals (dashed arrow); and f) gypsum 
calcined at 800 ◦C showing partial disintegration of aggregated anhydrite crystals, some with rounded edges (arrows). 
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showed a continuous matrix formed by randomly oriented, interlocked 
gypsum crystals of up to 20 µm in size with the typical acicular/blade- 
like habit (Fig. 6b), which suffered, however, local disruption by 
larger uncalcined gypsum grains with plate-like morphology amounting 
to ~ 10 wt% (arrows, Fig. 6c). Newly formed gypsum crystals in the 
vicinity of uncalcined gypsum were smaller, with a maximum length of 
~ 10 µm. Apparently, the seeded crystallization induced by the presence 
of uncalcined gypsum led to an increase in the nucleation rate and a 
decrease in crystal size [44]. Only partial hydration was obtained in 
plasters prepared with gypsum calcined at 300–400 ◦C, and large por-
tions still maintained the feather-like morphology of anhydrite II 
(Fig. 6d). However, upon contact with water the larger aggregates of 
anhydrite II seemed to have disintegrated; now forming smaller clusters 
(arrows, Fig. 6e) together with acicular gypsum crystals with a 
maximum length of ~ 10 µm (dashed arrow, Fig. 6e). Gypsum calcined 
at 800 ◦C did not undergo any hydration, but a disintegration of the 
larger chunks of anhydrite II upon contact with water was observed. 
Some anhydrite II particles displayed rounded edges due to sintering 
(arrows, Fig. 6f). 

Porosity and pore size distribution showed a clear relation with the 
plasterś mineralogical composition (Table 1). Plasters prepared with 
gypsum calcined at 200–250 ◦C (containing ~ 90–95 wt% hydrated 
gypsum) had an unimodal pore size distribution and ~ 15–20 % lower 
porosity as compared with samples prepared with gypsum calcined at 
300–400 ◦C. Higher porosity in the case of the latter can be explained 
with the presence of large amounts of anhydrite II (40–70 wt%). As 
anhydrite II hydration involves a significant volume increase contrib-
uting to an overall decrease in porosity, it seems reasonable that plasters 
with untransformed anhydrite II displayed higher total porosity. The 
presence of large amounts of anyhydrite II also resulted in changes of the 
pore size distribution (Table 1, Fig. S2, Supplementary Material), being 
bimodal with a significant contribution of small pores with 0.01–0.5 µm 
diameter due to the presence of highly porous feather-like anhydrite II 
aggregates (Fig. 6d). In these samples, the portion of small pores was 
much larger (i.e., 32–37 % of the total porosity) as compared to plasters 
prepared with gypsum calcined at lower calcination T (≤250 ◦C) and 
only displaying needle-like gypsum crystals (i.e., only 6–10 % of the 
total porosity corresponds to pores with 0.01–0.5 µm diameter, Fig. 6b 
and Fig. S2, Supplementary Material). Microstructural changes caused 
by the presence of anhydrite II will have an important impact on the 
plasterś hygric/hydric behavior and weathering resistance as many 
studies have shown that an increase in pores with a diameter < 0.5 µm 
slows drying and leads to a decrease in salt weathering resistance 
[45,46]. However, considering the typically high porosity of historic 
plasters (i.e., 43–60 % porosity [13,47]), bassanite – anhydrite II mix-
tures could be useful for the design of compatible restoration materials 
with adequate porosity. 

3.3. Strength and surface hardness of plasters 

Significant differences in compressive/flexural strength and surface 
hardness (Leeb hardness) were detected in plasters prepared with 

gypsum calcined at different T (Fig. 7). All plasters fulfilled the re-
quirements regarding compressive strength according to EN 13279–1 
[27], but only the plaster prepared with gypsum calcined at 250 ◦C was 
above the minimum limit for flexural strength (i.e., minimum re-
quirements for compressive and flexural strength being ≥ 2 and ≥ 1 
MPa, respectively [27]). Generally, a direct relationship between 
porosity and mechanical strength is assumed [48]. However, here such 
relation could not be established (Table 1) and the mineralogical 
composition seemed to have been the decisive factor. Plaster prepared 
with gypsum calcined at 250 ◦C (containing ~ 95 wt% bassanite and ~ 
5 wt% anhydrite) underwent almost complete hydration and developed 
a continuous matrix of interlocked acicular gypsum crystals, revealing 
the highest compressive and flexural strength. Remarkably, plaster 
prepared with gypsum calcined at 200 ◦C showed an almost 50 % 
decrease in strength as compared with the former plaster. It seems likely 
that the strength reduction was caused by the presence of ~ 10 wt% 
uncalcined gypsum in this sample, causing a local disruption of the 
plaster matrix as it does not act as a binder, but rather as a filler/ 
aggregate without contributing to the formation of a strong and 
coherent matrix (Fig. 6c). Theoretically, the presence of ~ 10 wt% un-
calcined gypsum produces an increase in the water/binder ratio from 
0.6 to ~ 0.7 and gypsum will not undergo any hydration-related volume 
increase when in contact with water. As demonstrated here (see XRD 
results, above) the presence of uncalcined gypsum can also induce 
seeded crystallization and accelerate hydration setting. As a drawback, 
seeded crystallization can lead to the formation of gypsum aggregates 
lacking the interlocked acicular structure responsible for the strength of 
set gypsum. Indeed, changes in the morphology of gypsum (low aspect 
ratios) have been associated with a reduction in strength [44]. Karni and 
Karni [49] have studied the effect of variations in the water/solid ratio 
on compressive strength and observed a similar trend, which is generally 
explained with an increased pore volume at higher water/solid ratios, 
ultimately negatively influencing mechanical strength [7]. However, 
porosity measurements provided no evidence in this respect as samples 
prepared with gypsum calcined at 200 and 250 ◦C had almost identical 
porosity (Table 1). For plasters prepared with gypsum calcined at 
300–400 ◦C, a clear relation between increasing anhydrite II content and 
strength decrease was detected. This was of no surprise as these plaster 
samples only contained between 30 and 55 wt% gypsum binder after 
curing, and according to SEM still displayed large chunks of unhydrated 
anhydrite II (40–70 wt%) (Fig. 5d and e). This finding is of great prac-
tical importance, as plaster with adequate strength might only be ob-
tained after prolonged additional curing in order to achieve a sufficient 
degree of hydration. Indeed, the hydration kinetic study shows that 
complete hydration of anhydrite II might take months, depending on the 
calcination T and water availability (Fig. 5b). Based on these results, it 
seems reasonable to differentiate between the role played by anhydrite 
II obtained at 300–400 ◦C and that obtained at higher T. Anhydrite 
obtained at higher T, displayed higher crystallinity (Fig. 2b) and larger 
crystal size (Fig. 4d) and, as a result, lower reactivity (Fig. 5b), sug-
gesting that it will not hydrate easily under ambient conditions and 
rather act as an aggregate. This is consistent with the presence of 
anhydrite II grains in many historic mortars and plasters [10,49]. In the 
case of anhydrite II obtained at 300–400 ◦C, only 20 % had hydrated 
after curing for 7 days and contributed to an interlocked plaster matrix. 
However, it is likely that the remaining anhydrite II will eventually 
hydrate under ambient conditions (Fig. 4b). Theoretically, delayed hy-
dration of anhydrite II could result in a strength decrease. Vegas et al. 
[8] warns that delayed hydration of anhydrite II could lead to a 
disruption of the originally formed matrix of interlocked gypsum crys-
tals and thus provoke a strength decrease, while Daritz et al. [32], Lenz 
and Sobott [50], and Sanz Arauz [51] advocate for an improvement in 
strength over time. The former is in line with previous observation 
regarding the negative effect of delayed ettringite formation on concrete 
performance [52]. However, it seems likely that additional cementation 
due to gypsum formation will cancel out the disruptive effect of delayed 

Table 1 
Porosity and pore size distribution of plasters prepared with gypsum calcined at 
different T.  

Sample Porosity 
(%) 

Pore size 
distribution (Ø, µm)  

Pores < 0.5 µm Ø (% of 
total porosity) 

200 ◦C  38.0 unimodal 2.0 10 
250 ◦C  39.0 unimodal 3.4 6 
300 ◦C  42.6 bimodal 2.4/~ 

0.1 
37 

350 ◦C  44.0 bimodal 2.6/~ 
0.1 

32 

400 ◦C  46.7 bimodal 4.0/~ 
0.1 

34  
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anhydrite II hydration and could lead to a densification of the plaster 
matrix. Considering the commonly low strength reported for historic 
gypsum-based plasters (i.e., 1.1–4.3 MPa compressive strength 
[47,53,54]), gypsum-anhydrite II mixtures could be used to prepare 
restoration materials, which fulfill the established compatibility re-
quirements and have similar or lower strength than the original plasters 
[47,55]. 

Surface hardness (Fig. 7) did not follow the same trend and an in-
crease was observed, which was proportional to the anhydrite II content 
in plasters prepared with gypsum calcined at 300–400 ◦C. Cured plasters 
containing 40–70 wt% anhydrite showed a 15–35 % increase in surface 
hardness as compared to cured plasters only containing gypsum. Addi-
tional experiments involving plasters with 0.6 water/solid ratio, con-
taining either pure bassanite or 50 wt% bassanite and 50 wt% 
uncalcined gypsum or anhydrite II calcined at 800 ◦C, provided further 
insight into the effect of different calcium sulfate minerals on surface 
hardness. Remarkably, both additions had a positive effect on surface 
hardness (Table 2), which was ~ 35 % higher than that of plasters 
prepared with pure bassanite. Similar results have been reported by del 
Rio Merino et al. [56], who observed a 10–25 % increase in hardness of 

gypsum plasters upon addition of 25–50 wt% ceramic waste, which 
acted as an inert filler. According to XRD results, neither uncalcined 
gypsum nor anhydrite II underwent any significant mineralogical 
changes upon hydration. XRD analysis revealed a significantly higher 
020/1 21 gypsum Bragg peak intensity ratio in fully set plaster prepared 
with 50 wt% uncalcined gypsum (mixed with 50 wt% bassanite) as 
compared to the remaining plaster samples (Table 2). The higher ratio is 
indicative of an overdevelopment of (010) gypsum crystal faces due to 
crystals with plate-like morphology (Fig. S2). It seems that a sufficient 
amount of uncalcined gypsum with plate-like morphology is required to 
improve surface hardness, as no such effect was observed in plaster 
samples prepared with gypsum calcined at 200 ◦C containing only 10 wt 
% uncalcined gypsum, which is consistent with the lower 020/1 21 
gypsum Bragg peak intensity ratio calculated for this plaster (Table 2). 
In conclusion, a large amount of gypsum particles with plate-like 
morphology (indicated by a higher 020/1 21 gypsum Bragg peak in-
tensity ratio) seem to be responsible for the observed greater surface 
hardness in plaster with high uncalcined gypsum content. However, the 
plate-like particles might not necessarily contribute to a more inter-
locked matrix and thus do not improve compressive and flexural 
strength. In the case of anhydrite II-rich plasters, all samples containing 
≥ 40 wt% anhydrite II consistently showed higher surface hardness than 
plasters prepared with pure bassanite (Table 2), which was likely related 
with the higher Mohs hardness of anhydrite (Mohs hardness = 3–3.5) as 
compared to that of gypsum (Mohs hardness = 2). 

3.4. Weathering resistance of plasters 

The accelerated weathering test revealed significant differences in 
the resistance to degradation of the various plaster samples (Figs. 8 and 
9). Plaster prepared with gypsum calcined at 250 ◦C showed the highest 
resistance against the impact of water spraying based on total weight 
loss. This sample contained ~ 95 wt% bassanite and 5 wt% anhydrite 
upon calcination, which hydrated readily and formed a continuous 
matrix of interlocked gypsum crystals according to XRD and FESEM 
analyses. Remarkably, plaster prepared with gypsum calcined at 300 ◦C 
showed almost identical weathering resistance, even though, the cured 
sample contained ~ 40 wt% anhydrite II, which did not contribute to the 
formation of a continuous matrix of interlocked gypsum crystals. The 
relatively good weathering resistance of this plaster might be explained 
by the lower dissolution rate of anhydrite as compared to gypsum, which 

Fig. 7. Compressive/flexural strength and surface hardness of plasters prepared with gypsum calcined at various temperatures. Note that coherent plaster samples 
could not be obtained with gypsum calcined at < 200 ◦C and > 400 ◦C. 

Table 2 
020/1 21 gypsum Bragg peak intensity ratio and surface hardness of cured 
plasters (The 020/1 21 gypsum Bragg peak intensity ratio of uncalcined gypsum 
is included for comparison).  

Sample 020/1 21 Gypsum Bragg peak 
intensity ratio 

Surface 
Hardness 

Uncalcined gypsum 3.1 – 7.2 n.a.* 
Plaster 200 ◦C** 1.1 215 ± 13 
Plaster 250 ◦C** 1.0 217 ± 15 
Plaster 300 ◦C** 1.0 249 ± 14 
Plaster 350 ◦C** 1.0 258 ± 18 
Plaster 400 ◦C** 1.1 289 ± 42 
Plaster 100 wt% bassanite*** 0.9 207 ± 8 
Plaster 50 wt% bassanite + 50 wt 

% anhydrite*** 
0.9 278 ± 17 

Plaster 50 wt% bassanite + 50 wt 
% gypsum*** 

1.4 286 ± 14 

*not available. 
**plasters prepared with gypsum calcined at different T. 
***plasters prepared with 100 wt% bassanite or 50 wt% bassanite + 50 wt% 
anhydrite/gypsum. 
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could have compensated for the lower effective binder content [57]. 
However, improved hardness due to the presence of anhydrite II could 
also have contributed to better resistance against the mechanical impact 
of water spraying. Plasters prepared with gypsum calcined at 350 and 
400 ◦C revealed significantly lower weathering resistance, suggesting 
that a certain threshold regarding the permissible anhydrite II content 
cannot be surpassed. Likely, the large amount of untransformed anhy-
drite II (65–70 wt%) and the consequently low binder content (i.e., these 
plasters only contained 30–35 wt% of newly formed gypsum) were 
responsible for the decrease in weathering resistance. However, XRD 
analysis revealed that plaster samples originally containing 65–75 wt% 
anhydrite II reached complete hydration upon weathering (water 
spraying). These findings suggest that the weathering resistance of 
plasters prepared with gypsum calcined at T ≥ 300 ◦C could probably be 
improved by prolonging the curing process (e.g., the plaster surface 
could be covered by plastic film to avoid premature drying) in order to 
achieve a higher degree of hydration and consequently higher binder 
content. 

A clear relation between the plasters ́ total porosity and their 
weathering resistance could not be established (Table 1). Despite the 
almost identical total porosity displayed by samples prepared with 
gypsum calcined at 200 and 250 ◦C, the former suffered a 70 % higher 
material loss over the course of the weathering test (Fig. 8). It is un-
known whether the ~ 10 wt% uncalcined gypsum content in the former 
samples and the above-mentioned seeding effect was responsible for the 
lower resistance due to modifications in the microstructure [34]. More 
detailed studies are required to get a better insight into the influence of 
crystal morphology and microstructure on the plasterś weathering 
resistance. 

4. Conclusions 

The outcome of this study revealed that under calcination conditions 
typically encountered in traditional kilns, it can be expected that un-
calcined gypsum is the predominant phase in material calcined at T ≤
150 ◦C, while at 200–250 ◦C the material will contain mainly bassanite. 
Calcination at ≥ 300 ◦C will result in high (≥75 wt%) anhydrite II 
content and at 500 ◦C, anhydrite II will be the only phase. Crystallite size 
measurements (based on XRD analysis) proved useful to assess the sin-
tering degree of anhydrite II. Anhydrite II calcined at ≥ 600 ◦C, dis-
played pronounced sintering as confirmed by SEM and, consequently, 
extremely low reactivity as demonstrated by hydration kinetics studies, 
which showed that after 2 months only 50 % hydration was achieved in 
material calcined at 800 ◦C. As a result, coherent plaster samples could 
only be obtained with gypsum calcined between 200 and 400 ◦C, which 
contained sufficient bassanite to produce a continuous matrix upon 
hydration under ambient conditions. 

Hydration kinetics studies also demonstrated that anhydrite II and 
especially uncalcined gypsum additions accelerated bassanite hydration 
likely by fostering seeded crystallization. This could be beneficial as it 
induces fast setting but seems to have an adverse effect on final strength. 
The presence of both phases should be avoided if slow setting is 
required. 

Delayed anhydrite II hydration was the cause of low strength and 
weathering resistance in plasters prepared with gypsum calcined at T ≥
300 ◦C, but could, at least in part, be prevented by prolonging the curing 
process (i.e., avoiding premature drying of plasters) in order to facilitate 
the formation of gypsum binder. The only partial hydration of anhydrite 
in these plasters leads to an increase in the water/binder ratio, because 
the unhydrated anhydrite II acts as aggregate. Historic evidence in-
dicates that experienced masons often adjusted the pastés water content 
in the case of high-fired gypsum in order to obtain a dense and resistant 
plaster, which might even improve over time due to continuous 
dissolution-crystallization processes, leading to additional gypsum for-
mation and causing a reduction in porosity. 

Remarkably, higher surface hardness was observed in the presence of 
large amounts of anhydrite II and uncalcined gypsum. This was sur-
prising, as small amounts of larger plate-like uncalcined gypsum grains 
seemed to cause a disruption of the continuous gypsum crystal matrix 
and had a negative effect on strength and weathering resistance. Likely 
morphological changes (i.e., presence of more plate-like gypsum crystals 
with higher 020/1 21 Bragg peak ratio) induced by the presence of 
uncalcined gypsum were responsible for improved surface hardness, but 
did not contribute to a more interlocked plaster matrix, essential for 
higher compressive and flexural strength and weathering resistance. In 
the case of anhydrite II, improved surface hardness was probably related 
with its higher Mohs hardness (3–3.5) as compared to that of gypsum 
(2). 

Additional studies should be performed in order to evaluate the ef-
fect of delayed anhydrite II hydration with regard to possible volume 
changes (i.e., considering the molar volume of anhydrite and gypsum, 
hydration of anhydrite II could either lead to deleterious expansion or 

Fig. 8. Weight loss (wt%, corrected for weight gain due to hydration of calcium 
sulfate phases) upon water spraying of plaster samples prepared with gypsum 
calcined at different T (lines are a guide to the eye). 

Fig. 9. Aspect of plaster samples prepared with gypsum calcined at different T after the completion of the weathering test, showing different degrees of material loss.  
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beneficial densification) in set gypsum plasters and how these changes 
will affect strength and weathering resistance over time. The research on 
artificial calcium sulfate phase mixtures should be extended to get a 
better understanding regarding the effect of uncalcined gypsum and 
anhydrite II additions on gypsum crystal morphology and the micro-
textural development in set plasters. To this end, additional analytical 
techniques such as confocal microscopy and contact angle measure-
ments could be applied to get a better insight into the plasterś surface 
properties, including roughness and wettability. Systematic studies of 
artificial calcium sulfate phase mixtures would also be useful in order to 
determine the threshold for certain individual phases (i.e., uncalcined 
gypsum and unreactive anhydrite II calcined at different T) and design 
optimized mixtures for specific applications, including compatible 
restoration materials with suitable porosity and mechanical strength, 
and improved weathering resistance. 
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Gipsböden in Sachsen-Anhalt zwischen Konservierung, Restaurierung und 
Rekonstruktion, in: G. Biscontin, G. Drussi (Eds.), Pavimentazioni storiche: uso e 
conservazione, XXII Convegno Scienza e Beni Culturali di Bressanone (Brixen), 11.- 
14. July 2006, pp. 355-361. 

[10] T. Kawiak, Gypsum mortars from a twelfth-century church in Wíslica, Poland, 
Stud. Conserv. 36 (1991) 142–150. 

[11] T. Schmid, R. Jungnickel, P. Dariz, Raman band widths of anhydrite II reveal the 
burning history of high-fired medieval gypsum mortars, J. Raman Spectrosc. 50 (8) 
(2019) 1154–1168. 

[12] M.T. Freire, A. Santos Silva, M. do Rosário Veiga, C.B. Dias, A. Manhita, Stucco 
marble in the Portuguese architecture: multi-analytical characterization, Int. J. 
Archit. Herit. 14 (2020) 977–993. 
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