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SUMMARY

This article addresses the thermal properties and the microstructure of gypsum boards produced from
b-hemihydrate by studying its dehydration process.

Dehydration reaction of gypsum boards was investigated from both micro and macro levels, employing
thermogravimetric analysis and a ventilated oven. A new dehydration mechanism of gypsumwas proposed.
The thermal properties of gypsum board such as enthalpy of reaction, specific heat capacity, and thermal
conductivity were studied by differential scanning calorimetry and a heat transfer analyzer, respectively.
The effect of void fraction and dehydration on thermal physical properties of gypsum board was
investigated. Themicrostructure of the gypsum board at high temperature was studied with experiments and
modeling. Amodel was proposed to describe the microstructure of a dehydrated system at high temperature,
and experiments indicate its validity. Furthermore, the mechanical properties of gypsum at high
temperature were investigated, and the effect of water content was discussed as well. Copyright © 2011
John Wiley & Sons, Ltd.
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h0 initial mass of the unreacted hemihydrate (g)
s saturation rate pore volume water
w0 initial mass of the water (g)
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volume fraction

l
 thermal conductivity (W/(mK))
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 specific volume (cm3/g)
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SUBSCRIPT
a

Copyrigh
air

ah
 anhydrite

dh
 dihydrate

e
 effective

f
 fluid, can be water or air

hh
 hemihydrate

s
 solid

v
 void fraction

n
 nonevaporable

w
 capillary water
1. INTRODUCTION

Gypsum plaster was used in Egyptian pyramids at least 4000years ago [1] and is still extensively
applied in building along with other cementitious materials such as cement and lime. Gypsum
plasterboard, also called drywall, is widely used for interior walls or ceilings because of its easy
fabrication feature, environmental friendliness, good fire resistance, aesthetics, low price, etc. Gypsum
plasterboard is made from hemihydrate by hydrating with water. Hemihydrate occurs in two
formations, that is, the a and b types, although b-hemihydrate is mainly applied because the hydration
product of the a-hemihydrate is too brittle to be used as building material [2].

Gypsum, or CaSO4�2H2O, contains about 20.9% by mass chemically combined water, which is
readily lost at an elevated temperature. This phenomenon is called dehydration, and the dehydration
mechanism of gypsum has been intensively investigated so far [3–7]. Groves [3] reported that first
CaSO4�0.5H2O and then CaSO4 is formed during gypsum dehydration, which was also confirmed by
Kuntze [4] and Paulik et al. [5]. The effect of experimental conditions such as temperature, pressure,
and particle size of gypsum was investigated as well. The dehydration reaction is endothermic, that is,
an amount of energy is needed to break the crystal water [8–10], which also explains why gypsum has
a good fire resistance property. Thermal properties such as specific heat and thermal conductivity of
gypsum plasterboard were also studied extensively [8–15]. However, the reported thermal properties
of gypsum (plasterboard) [8–15] vary with each other considerably because of many possible reasons
such as the physical properties of the applied raw material, the composition of the investigated gypsum
plasterboard, and the production procedure of the gypsum plasterboard.

The present work aims at a better understanding of the performance of gypsum board at elevated
temperatures, from its physical properties such as microstructure, thermal properties, and mechanical
properties. A b-hemihydrate produced from the flue gas desulfurization (FGD) gypsum was used in
this study as raw material in consideration of sustainability because FGD gypsum is a by-product of
the process of desulfurization of combustion gases of fossil fuels (coal, lignite, and oil) in power
stations [2]. The thermal behavior of gypsum boards was investigated by means of thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), and thermal conductivity measurements
employing a commercial heat transfer analyzer. A new dehydration mechanism was proposed in the
present study. The relation between the void fraction of the gypsum board and its thermal conductivity
was analyzed. The microstructure of gypsum board beyond dehydration was studied both by modeling
and by experiments employing a scanning electron microscope (SEM). A new model was derived to
describe the void fraction of dehydrated gypsum board, and it was validated by experiments.
Furthermore, the mechanical properties of gypsum at elevated temperatures were studied, and the
effect of the water content was investigated as well.
2. MATERIAL AND EXPERIMENTAL

2.1. Material and sample preparation

The applied material, that is, b-hemihydrate, in the present study was provided by Knauf Gips KG
(Germany). The b-hemihydrate was produced from the FGD gypsum. The b-hemihydrate was
t © 2011 John Wiley & Sons, Ltd. Fire Mater. 2012; 36:575–589
DOI: 10.1002/fam
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characterized in the present study in order to evaluate its physical properties such as mineralogy, element,
particle size distribution, and microstructure. X-ray diffraction (XRD) patterns were obtained using a
Rigaku diffractometer (Rigaku Co., Tokyo, Japan) operating at room temperature in order to confirm the
mineralogy and crystallinity. A chemical analysis of the material was carried out with energy-dispersive
X-ray spectroscopy (EDX). The particle size distribution (PSD) was measured with Mastersizer 2000
(Malvern Instruments Ltd., Worcestershire, UK). The microstructure was analyzed with SEM.

The investigated gypsum board in the present study was produced from the applied b-hemihydrate
by using a similar method as real gypsum board production [16,17]. An accelerator (a fine gypsum
powder) was used to adjust a final setting time of 5–7min in order to simulate a real gypsum
plasterboard production process [17]. The studied sample included powder, prism, and board
according to the different objectives with the powder sampled from the prepared prisms or boards.

2.2. Dehydration of gypsum

When heated, gypsum takes two steps of endothermic decomposition reactions [3–5]. When the first
dehydration reaction occurs, CaSO4�2H2O is converted to CaSO4�0.5H2O, which reads as follows:

CaSO4�2H2Oþ heat ! CaSO4�0:5H2Oþ 1:5H2O (1)

The second dehydration reaction occurs when CaSO4�0.5H2O is converted to CaSO4, which reads
as follows:

CaSO4�0:5H2Oþ heat ! CaSO4 þ 0:5H2O (2)

However, it is indicated that the thermal properties related to the dehydration reaction such as the
dehydration temperature and the required energy are still not certain [3–7]. This can be caused by the
physical properties such as the composition and the microstructure of the investigated gypsum.
Therefore, in the present study, the dehydration reaction was studied. The dehydration of the gypsum
board was investigated from both discrete and continuous heating rates. TGA was applied to study the
dehydration reaction from a micro level by employing a simultaneous TGA–DSC test equipment (STA
449 F1 JupiterW, Netzsch Instruments, Inc., Burlington, MA, USA). The investigated gypsum was
sampled from the prepared gypsum boards. A ventilated oven was also applied to study the dehydration
reaction from a macro level. The gypsum board was used for the macro level dehydration study. Prior to
the tests, all the samples were dried in the oven at 40�C to a constant mass to remove the free moisture.

2.3. Microstructure of dehydrated system

Figure 1 shows schematically the composition of the hydrated and dehydrating system by volume. The
system consists of dihydrate and void before the dehydration, as shown in Figure 1(a). During the
dehydration process, as indicated in Eqs. (1) and (2), the chemically combined water in the matrix is
gradually released. The dehydrating system is composed of the void space, the dihydrate, and the
regenerated hemihydrates, then the anhydrite, as shown in Figures 1(b) and 1(c), respectively. The
temperature reaches 200�C in less than 1min under real fire test following the standard ISO 834-1
[18]. Therefore, the emphasis here is only focused on the fully dehydrated system in the present study.

The microstructure of the dehydrating system was investigated both by modeling and by
experiments, that is, SEM analysis. A model was proposed in the present study to describe the void
fraction of the dehydrated system, which was validated by performed experiments. SEM analysis was
performed on two gypsum board samples prepared with different initial water contents to study the
crystal shape of the particles as well as the void fraction of the system.

The strength of the dehydrated system was also tested on gypsum prisms according to EN 13279-2
[19] to investigate the effect of the microstructural change. The flexural strength was measured with
the three-point bending test, and the compressive strength was determined by applying a load to the
two broken parts of the specimen obtained from the flexural strength test.
Copyright © 2011 John Wiley & Sons, Ltd. Fire Mater. 2012; 36:575–589
DOI: 10.1002/fam
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Figure 1. Schematic diagram of the volume composition of the gypsum system. (a) Before dehydration
(dihydrate); (b) upon first dehydration step (hemihydrate); and (c) upon second dehydration step (anhydrite).

578 Q. L. YU AND H. J. H. BROUWERS
2.4. Thermal properties of gypsum

To study the thermal behavior of one material such as heat transfer during the fire, obviously the
understanding of its thermal physical properties is of vital importance. However, available literature
[7–15] demonstrates a wide variation of the thermal properties such as enthalpy, thermal conductivity,
and specific heat capacity. Hence, experiments were performed to study the thermal physical
properties of the gypsum boards in the present study.

The specific heat capacity of the gypsum was investigated on the format of the board because to date,
most of the effort was only put on the powder [7–15]. A commercial heat transfer analyzer (ISOMET
2104, Applied Precision Ltd., Bratislava, Slovakia) was used to measure the volumetric heat capacity of
the prepared gypsum board. This heat transfer analyzer could not be operated above 40�C [20], so the
following procedure was used to measure the volumetric heat capacity of the gypsum board at high
temperature. First, the samples, here the gypsum boards, were heated to the desired temperature for
dehydration reaction (here, enough time was used to assure a full dehydration reaction), then the samples
were cooled down to room temperature, and finally, the volumetric heat capacity was measured.

The dehydration reaction is endothermic, that is, an amount of heat is needed. The difference between
the reported values from the literature [7–15] indicates the effect of the composition and the
microstructure of the investigated gypsum. Ghazi Wakili et al. [14] also investigated the influence of the
heating rate of the employed DSC, and they reported that only at a low heating rate (5�C/min) the peaks
of the two dehydration steps (Eqs. (1) and (2)) are clearly distinguishable. The present study measured
the energy needed for the dehydration reaction of the used gypsum employing DSC (STA 449 F1
JupiterW), and the influence of the heating rate was also studied by using two different heating rates of 5
and 20�C/min, respectively.

The thermal conductivity of a material is related with its density and composition, which was for
instance investigated by De Korte and Brouwers [21]. However, it is shown that most of the available
literature [8–15] only studied one or two types of commercially available gypsum plasterboards
without providing composition information, and the effect of water content on thermal conductivity of
gypsum board was not reported before. The thermal conductivity of the gypsum board was analyzed in
the present study by employing the same heat transfer analyzer (ISOMET 2104). The water content as
well as the effect of dehydration was investigated.
3. RESULTS AND DISCUSSION

3.1. Material characterization

The measured XRD results were analyzed by program XPowder, and Figure 2 shows the XRD patterns of
the used b-hemihydrate. All the main peaks refer to CaSO4�0.5H2O, which indicates that the material
Copyright © 2011 John Wiley & Sons, Ltd. Fire Mater. 2012; 36:575–589
DOI: 10.1002/fam



Figure 2. The X-ray diffraction patterns of the b-hemihydrate (all the main peaks point to CaSO4�0.5H2O).
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almost entirely consists of CaSO4�0.5H2O. The chemical composition measured by EDX is listed in
Table I. It shows that there are only very small impurities (Si, Mg, and Al in total less than 3% by mass) in
the sample, which also confirms the XRD result. The measured proportion of Ca and S is in line with the
theoretical value (i.e. 1:1 in molar proportion), which indicates that there is no Ca-based impurity in the
material. The computed mass content of CaSO4�0.5H2O is 96.94%, but it should be mentioned that this
value may have a very slight error because hydrogen could not be detected during the EDX analysis.

The PSD of the b-hemihydrate was measured by applying a so-called laser diffraction method with
a detection range of 0.02–2000mm [22]. The b-hemihydrate powder was measured in wet mode by
dispersing it in a transport liquid, here propan-2-ol because b-hemihydrate is reactive with water. The
PSD of the b-hemihydrate is shown in Figure 3. It can be seen that 90% of the particles are finer than
78.30mm and 50% are finer than 23.49mm, with the surface weighted mean (D [2,3]) of 6.07mm. The
fine particles contribute to a fast hydration reaction when water is added, which is confirmed by our
previous study [23]. The specific surface area was calculated from the measured PSD results based on
an assumption that all the particles are spheres [22], yielding 0.377m2/g (9877.4cm2/cm3). A detailed
calculation description can be found in Refs. [22,24]. The measured Brunner Emmet Teller (BET)
surface area of the b-hemihydrate is 7.50m2/g. The value is the same as the measured Brunner Emmet
Teller external surface area, which indicates that there are no micropores inside. The SEM analysis of
the used b-hemihydrate is shown in Figure 4(a). It is clear that the b-hemihydrate is composed of
irregularly shaped particles, and their sizes are in line with the PSD measurement.

3.2. Dehydration process analysis

The dehydration of the gypsum board in microscale (the samples were in the range of 40–50mg) was
measured by employing TGA–DSC, and the final heating temperature was set at 1000�C, considering
the possible decomposition of the impurities in the used raw material. Two different heating rates of 20
and 5�C/min were applied to study the effect of heating rate on the dehydration process. The mass loss
during the dehydration of gypsum is shown in Figure 5. TGA results show that under both heating
rates, the sample starts losing weight at around 80�C, but the mass becomes constant at different
temperatures of 270�C (20�C/min) and 180�C (5�C/min), respectively, which indicates a completion
of the dehydration reaction. It is demonstrated that the heating rate does not affect the dehydration
Table I. Chemical composition analyzed by energy-dispersive X-ray spectroscopy.

Element wt.% at.% K ratio

O 48.86 67.84 0.0714
Mg 0.87 0.80 0.0030
Al 0.80 0.66 0.0037
Si 1.32 1.05 0.0082
S 21.46 14.87 0.1758
Ca 26.68 14.79 0.2285
Total 100.00 100.00

Copyright © 2011 John Wiley & Sons, Ltd. Fire Mater. 2012; 36:575–589
DOI: 10.1002/fam
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Figure 3. The particle size distribution of the b-hemihydrate.
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commencing temperature, but it influences its ending temperature, which indicates that the energy
needed for the dehydration is related not only to the temperature but also to the heating duration.
Mehaffey et al. [8] reported that all chemically combined water was released between 100 and 160�C,
and Ghazi Wakili and Hugi [15] reported a temperature range of about 150 to 300�C by using the
same heating rate of 20�C/min. As can be seen, the values considerably differ from each other. This
probably can be explained from the microstructure of the investigated gypsum, which indicates its
effect on the thermal behavior of gypsum board. The derivative curve of the mass loss in Figure 5
shows that two steps of dehydration reaction occur, which is in line with literature [3–7]; however, it is
also clear that these two steps are not distinguishable in case of a higher heating rate test (i.e. 20�C/min).

There is another mass loss from about 620�C until around 800�C. According to the chemical
analysis results listed in Table I, the molar amounts of Ca and S are the same, which indicates that
there is no impurity of CaCO3 in the used material. From the decomposition temperature of about
600�C and the chemical element analysis as listed in Table I, it can be concluded that the impurity
is MgCO3, and the decomposition reaction reads as follows:

MgCO3 ! MgOþ CO2 (3)

This finding is different from that of Ghazi Wakili et al. [14] who considered the second mass loss
as the decomposition of the CaCO3, based on the fact that the CaCO3 decomposes in this temperature
range too [25]. Mehaffey et al. [8] also reported a mass loss at around 650�C, but they did not analyze
the possible reason.

The mass loss of the samples at macroscale during the heating using the ventilated oven
is shown in Figure 6(a). Here, the samples were heated with a discrete order, that is, first,
the temperature was fixed at one value and the samples were heated until a constant mass (here,
the constant mass means the mass remains the same with a measurement interval of 24h), then the
temperature was raised to another value and the samples were heated again until a constant mass,
and so on. The tests were performed two times with the same experimental conditions. The
excellent agreement between the results from the two batches indicates the reliability of the
results. Results show no mass loss occurred at 55�C, and then the dehydration reaction took place
from 80 to 120�C. The very small mass loss between 120 and 220�C (less than 1%) indicates the
completion of the water release. The average mass loss is in good agreement with the mass loss
measured with the TGA from both continuous and discrete heating methods. The mass loss of
gypsum board measured from the TGA with discrete order is shown in Figure 6(b). The heating
order (the sample was first heated to 80�C at 20�C/min, and then the temperature was kept at 80�C
for 4h; next, the temperature was increased to 120�C at 20�C/min and kept for 3h; then, the
temperature was increased to 150�C and kept for 1h; and finally, the temperature was increased to
300�C) is the same as the test performed in macro level, as shown in Figure 6(b). It is obvious
that these two results are in line with each other, which indicates that the isothermal time is
enough for the total water release within that period. These findings indicate that given sufficient
Copyright © 2011 John Wiley & Sons, Ltd. Fire Mater. 2012; 36:575–589
DOI: 10.1002/fam
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Figure 4. The scanning electron microscope picture of the gypsum system. (a) b-Hemihydrate; (b) gypsum
board (w0/h0=0.65); (c) dehydrated gypsum board (w0/h0=0.65); (d) gypsum board (w0/h0=0.80); and

(e) dehydrated gypsum board (w0/h0=0.80).
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heating time, gypsum board produced from b-hemihydrate can accomplish the first step
dehydration (i.e. a release of 1.5 molecules of crystal water, Eq. (1)) at 80�C and a total
dehydration (i.e. a release of two molecules of crystal water, Eq. (2)) at 120�C. To the authors’
knowledge, this has never been reported before.
Copyright © 2011 John Wiley & Sons, Ltd. Fire Mater. 2012; 36:575–589
DOI: 10.1002/fam
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3.3. Microstructure and related mechanical properties

As illustrated by Eqs. (1) and (2), hemihydrate and then anhydrite is generated from dihydrate during
the dehydration reaction. Therefore, the volume composition of the fully dehydrated system consists of
only anhydrite and void fraction, that is, air, as shown in Figure 1(c). During the dehydration process,
the molar amount of CaSO4 remains constant; therefore, the following expression is obtained

’ah

oah
¼ ’dh

odh
(4)

with ’ as the volume fraction and o as the specific molar volume (cm3/mol).
Under the assumption that the volume of the system remains constant during the dehydration, Eq. (4)

becomes

’ah ¼
’dh

odh
� oah ¼ 1� ’v;dh

� �� oah

odh
(5)

and hence,

’v;ah ¼ 1� ’ah ¼ 1� 1� ’v;dh

� �� oah

odh
(6)
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Substituting the void fraction model for gypsum as proposed by Brouwers [26] and Yu and
Brouwers [23] in case of full hydration yields

’v;ah ¼ 1� ’ah ¼ 1� 1� ’v;dh

� �� oah

odh
¼ 1� 1�

w0
h0
� nn

nw
wn
h

nh
nw
þ w0

h0

 !
� oah

odh
(7)

Substituting the values for b-hemihydrate from Table II into Eq. (7), ’v,ah is obtained as follows:

’v;ah ¼
0:01þ w0

h0

0:38þ w0
h0

(8)

Eq. (8) gives the relation between the void fraction of the dehydrated system and the initial water/
hemihydrate (w0/h0) of the gypsum board. In the present study, experiments were carried out with
different w0/h0 to study the void fraction of the system beyond dehydration. The results are shown in
Figure 7. The good agreement between the proposed model (Eq. (8)) and the measured values (from
both the literature [8,11,14,15] and own performed experiments) indicates the validity of this
microstructural model.

Values from the literature [8,11,14,15] were calculated from the following method. First, the initial
water/hemihydrate ratios were assessed using the given density values and the void fraction expression
for gypsum (dihydrate) [23,26], assuming no impurities (Table IV). Next, the void fraction of the
gypsum board after dehydration was calculated on the basis of the relation between the given density
and the density of the pure anhydrite (Table II), assuming no impurities as well. Because of the
assumption of no impurities in the gypsum board, there are some errors in the calculated values, which
are also included in Figure 7. As can be seen, the calculated values from the literature [8,11,14,15] are
a little bit smaller than the model predictions but still in line with the model presented here.

The microstructure of the dehydrated system was also investigated by SEM, and the results are
shown in Figure 4. Figures 4(b) and 4(d) show the SEMs of the gypsum boards prepared with different
initial water/hemihydrate ratios of 0.65 and 0.80, respectively. It is obvious that the gypsum crystals
are regularly formed prisms, and the porosity of the gypsum with a w0/h0 of 0.65 in Figure 4(b) is
clearly lower than that of the gypsum in Figure 4(d). However, after the dehydration reaction, or after
the anhydrite was produced, the microstructure of the system changed considerably from regularly
shaped prisms to irregularly broken particles or tubes (Figures 4(c) and 4(e)). This indicates a reduced
bonding between the crystals. Also, it is clear from the SEM pictures that the void fraction increased
after dehydration indeed.

The strength loss of the samples produced with different w0/h0 beyond dehydration is shown in
Figure 8. The strength (both the compressive and flexural strengths) decreased more than 75% after
dehydration in both gypsum boards prepared from an initial w0/h0 of 0.65 and 0.80. Results show that
the strength of the gypsum with an initially higher void fraction decreased more than that of gypsum
with a lower void fraction. These findings indicate evidently that the matrix of the gypsum with a
higher void fraction becomes weaker compared with that of the gypsum with a lower void fraction.
They also indicate that the strength of the gypsum depends on the bonding between the crystals, and
the water release of the gypsum has a bigger influence when it has a higher void fraction.
Table II. Parameters of the microstructure model [26].

Substance M (g/mole) r (g/cm3) o (cm3/mole) vh/vw wn/h vn/vw vnwn/vwh vs/vh

Anhydrite 136.14 2.58 52.77
b-Hemihydrate 145.15 2.62 55.40 0.38 0.186 0.71 0.13 0.054
a-Hemihydrate 145.15 2.76 52.59 0.36 0.186 0.81 0.15 0.035
Dihydrate 172.18 2.32 74.22 0.43 – – – –

Copyright © 2011 John Wiley & Sons, Ltd. Fire Mater. 2012; 36:575–589
DOI: 10.1002/fam
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3.4. Thermal properties analysis

Figure 9 shows the measured DSC results of the gypsum board. The energy needed for the dehydration
reaction, that is, the integrated surface area underneath the peak, is calculated by the DSC system,
yielding 500kJ/kg under the heating rate of 20�C/min and 515kJ/kg under the heating rate of 5�C/min,
respectively. These values are in line with those of Mehaffey et al. [8] and Ghazi Wakili et al. [14], who
reported a value of 500 and 450kJ/kg, respectively. However, this is questionable, because the
investigated gypsum in the present study has a quite different purity (~96.9% in Table I) (69.5% and
81% in Refs. [8] and [14], respectively), whereas according to Mehaffey et al. [8], the energy was only
calculated based on the composition. This finding indicates that the energy needed for the dehydration is
related not only with the composition, that is, purity of the gypsum, but also strongly with the
microstructure.

The present study also investigated the influence of the heating rate on the dehydration reaction, as
shown in Figure 9. The energy needed with different heating rates is in line with each other. This
means that the heat needed for the dehydration is independent of the employed heating rate. However,
it is different from Ghazi Wakili et al. [14] who reported that two clearly distinguishable peaks were
found when applying a lower heating rate of 5�C/min. In the present study, the peaks are similar under
different heating rates, as shown in Figure 9. The difference is that the peak values are different under
different heating rates, which is in line with those of Mehaffey et al. [8].
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The measured volumetric heat capacity of gypsum board prepared with different water contents is
listed in Table III. It is clear that the calculated specific heat based on the mass of different samples is
in line with each other, which also confirms the validity of the volumetric specific capacity
measurement. The calculated specific heat of gypsum here (1355J/(kgK) in average) is higher than
that of Mehaffey et al. [8], who reported a value of 950J/(kgK) under room temperature. This might be
caused by the difference of the composition and the microstructure between the two applied materials.

The volumetric specific capacity of the gypsum boards decreased after the dehydration reaction, as
shown in Table III. The specific heat capacity based on the mass of the dehydrated system was
calculated, yielding 787J/(kgK) in average. The lower value of the heat capacity of the dehydrated
system compared with the gypsum board also indicates the reduction of the bonding between the
anhydrite crystals, which also confirms the microstructure analysis in the previous section.

The measured thermal conductivity of the investigated gypsum board prepared with different water
contents is listed in Table III. As can be seen, thermal conductivity is strongly related to the density or
the porosity of the gypsum board. The thermal conductivity increases with an increase of the density.
Zehner and Schlunder [27] proposed an expression to describe the relation between the thermal
conductivity and the porosity with consideration of the particle shape as follows:

le ¼ lf 1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ’v

p� �
þ lf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ’v

p �A (9)

where

A ¼ 2
N

B

N2

k � 1
k

ln
k

B

� �
� Bþ 1

2
� B� 1

N

� �
; N ¼ 1� B

k
;

B ¼ C
1� ’v

’v

� �10=9

; k ¼ ls
lf

(10)
Table III. The measured thermal physical properties of gypsum boards (density, volumetric heat capacity,
and thermal conductivity).

Mix (w0/h0) Density (g/cm3) Volumetric heat capacity
(J/(m3K))

Thermal conductivity (W/(mK))

Conditions
Room

temperature
After

dehydration
Room

temperature
After

dehydration
Room

temperature
After

dehydration

0.65 1.112 0.895 1.54�106 0.72�106 0.359 0.159
0.7 1.084 0.872 1.50�106 0.68�106 0.346 0.138
0.85 0.956 0.768 1.20�106 0.59�106 0.276 0.111
1.0 0.845 0.678 0.96�106 0.54�106 0.238 0.106
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Here, the parameter C is the shape factor [27] and ls and lf are the thermal conductivities of solid and
fluid (here, the fluid can be either water or air), respectively.

The model from Zehner and Schlunder [27] considered that the system is composed of two phases,
but normally, gypsum boards absorb a little amount of free water from the ambient conditions during
the storage. Somerton et al. [28] proposed an equation for porous medium filled by a mixture of two
fluids (in the present study, i.e. air and free moisture) as follows:

le ¼ le;a þ
ffiffi
s

p � le;w � le;a
� �

(11)

Here, le,a and le,w are computed from Eqs. (9) and (10), using the thermal conductivity values of air
and water, respectively.

In the present study, the effect of the void fraction on the thermal conductivity was investigated
considering the system is composed of three phases, that is, solid, water, and air and the effect of the
particle shape factor. This is processed by combining the two models from Zehner and Schlunder [27]
and Somerton et al. [28]. At ambient conditions, a water saturation of 3% (i.e. s in Eq. (11)) was used
here because it was found that in average (with different void fractions), a water content of 1.5% by
mass of the gypsum board is adsorbed during the cooling/storage time. Incorporating Eqs. (9) and (10)
into Eq. (11), the parameters (ls and C) were obtained by optimization, employing the ‘Solver’ tool
from Microsoft Excel and the experimental data (Tables III and IV), yielding 1.55W/(mK) (ls) and
2.75 (C) for pure gypsum, respectively. The results are listed in Table V. The derived thermal
conductivity value for pure dihydrate is in line with that of Horai and Simmons [29] who gave a value
of 1.26W/(mK). The obtained value for the shape factor of gypsum is in line with that of Zehner and
Schlunder [27] who reported a shape factor value of 2.50 for cylinder and tubes. This is also confirmed
by the SEM analysis as shown in Figures 4(c) and 4(e).

Then, the thermal conductivity calculated from the model by substituting the optimized parameters
(C and ls) and the experimental data (Tables III and IV) is shown in Figure 10 as a function of void
fraction. The good agreement between the model predictions and experimental data indicates the
validity of the model. One point that needs to be mentioned here is that the composition of the gypsum
boards [8,11,14,15] varies from each other, which is also the reason, besides the measurement
difference, that the thermal conductivity varies from each other somehow. But in this model, because
of the limited information from the literature [8,11,14,15], the influence of the composition was not
considered.

As introduced in the previous section, the applied heat transfer analyzer here can only be operated
under 40�C; therefore, the thermal conductivity measured in the present study at an elevated
temperature only represents the microstructure change because of the dehydration reaction of the
gypsum. The measured thermal conductivity of the gypsum board beyond dehydration and the
experimental data from the literature are listed in Tables III and IV, respectively. As introduced
before, here in the dehydrated system, only anhydrite is available, and the void fraction has also
changed, which explains the variation of the measured thermal conductivity. As one can see from
Table III, in the case of the same void fraction, the thermal conductivity of gypsum and dehydrated
system is very different, which indicates the effect of the particle shape in the matrix on the thermal
conductivity.
Table IV. Physical properties and computed initial w0/h0 of gypsum boards from literature [8,11,14,15]
(density and thermal conductivity before and after dehydration).

ensity (g/cm3) Initial w0/h0 Thermal conductivity (W/(mK))

Referencesoom temperature After dehydration Ref. [26] Room temperature After dehydration

.810 0.673 1.08 0.280 0.140 [14]

.732 0.600 1.24 0.250 0.113 [8]

.698 0.576 1.32 0.250 0.120 [11]

.835 0.726 1.04 0.300 0.140 [15]

.740 0.622 1.22 0.230 0.100 [15]

.870 0.692 0.98 0.320 0.090 [15]
D

R

0
0
0
0
0
0
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Table V. The derived thermal physical properties of nonporous gypsum and nonporous anhydrite.

Substance Conditions

Thermal
conductivity
(W/(mK))

Particle shape factor (C)

Computed Ref. [27]

Anhydrite Pure (nonporous) 0.90 1.30 1.40
Dihydrate Pure (nonporous) 1.55 2.75 2.50
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The parameters (ls, C, and s) in Eqs. (10) and (11) for the dehydrated system were obtained again by
optimization employing the ‘Solver’ tool fromMicrosoft Excel and the experimental data (Tables III and
IV), yielding 0.9W/(mK) (ls), 1.3 (C), and 1% (s), respectively, for anhydrite, as listed in Table V. The
obtained value for the shape factor of anhydrite is in line with that of Zehner and Schlunder [27] who
reported a shape factor value of 1.40 for broken particles. This is also confirmed by the SEM analysis as
shown in Figure 4(c) and 4(e). In the present study, the gypsum boards were first always heated for a full
dehydration and then cooled down at ambient conditions until room temperature. A very small amount of
moisture was absorbed into the gypsum boards again, which is confirmed by the small derived value of
water saturation here. The derived thermal conductivity here can be understood as the thermal
conductivity of pure/nonporous anhydrite. However, further research is still necessary to prove this
because this is still not confirmed in literature. Finally, the thermal conductivity calculated from the
model by substituting the optimized parameters (C, ls, and s) and the experimental data (Tables III and
IV) is shown in Figure 11 as a function of void fraction. The good agreement between the model
predictions and experimental data confirms the validity of the followed approach.
4. CONCLUSIONS

Gypsum boards are widely used as indoor building material because of its many advantages, such as
their good thermal properties. This article addressed the thermal properties and the microstructure of
gypsum board produced from b-hemihydrate through its dehydration process. The following
conclusions are formulated:

1. Dehydration of gypsum occurs via two steps of first to hemihydrate and then to anhydrite according
to TGA; however, these two steps are hardly distinguishable in the case of a high heating rate. The
heating rate does not affect the starting dehydration temperature, but it influences the ending
temperature. Study from both macroscale and microscale levels shows that given enough time,
gypsum can finish the first step dehydration at 80�C and its full dehydration at 120�C.
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Figure 10. The thermal conductivity of gypsum boards (model predictions versus experimental data (from
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2. A model was proposed to describe the void fraction of the dehydrated gypsum, and it was
validated by both present experiments and values taken from the literature.

3. Microstructure of the gypsum system experiences a considerable change beyond dehydration.
The regularly formed gypsum crystals changed to broken particles, which consequently leads to
a reduced mechanical property of the dehydrated system.

4. A link between the volumetric specific heat capacity of the gypsum boards and the initial water
content was found. A model was derived to describe the thermal conductivity of the gypsum
boards and the void fraction, considering both the particle shape and the free moisture in the
system, and it was validated by experiments.

5. The change of the thermal properties of gypsum board was caused not only by the void fraction
but also considerably by the particle shape in the system. A thermal conductivity value and a
particle shape factor (C) were derived for both nonporous dihydrate and nonporous anhydrite.
Also, the derived particle shape factor is in line with SEM observations and values presented by
Zehner and Schlunder [27].
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