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Chapter

Improvement of the Thermal
Properties of Sorel Cements
Rim Zgueb, Amal Brichni and Noureddine Yacoubi

Abstract

Sorel cements is a promising building material for insulation applications.
Indeed, the effect of polyvinyl acetate polymer on cements has been investigated.
The polyvinyl acetate polymer was added to the cement matrix with a percentage of
0, 5, 10, 15 and 20% by weight of Sorel cement. The thermal properties of Sorel
cement were determined by photothermal deflection technique. Thermal properties
such as thermal conductivity and thermal diffusivity are measured by coinciden-
tally the experimental curves of the photothermal signal with the best
corresponding theoretical curves. The results revealed that the incorporation of
polyvinyl acetate polymer enhance the thermal insulation and reduce the compres-
sive strength of Sorel cement.

Keywords: Sorel cement, photothermal deflection technique, thermal insulation,
mechanical properties, polyvinyl acetate polymer

1. Introduction

Thermal insulation consists in using a material or a combination of materials in
order to limit heat losses by conduction, convection and radiation between the
interior and exterior of a building due to its low thermal conductivity. Thus, ther-
mal insulation acts as a thermal barrier. The two main criteria for thermal insulation
of buildings are the optimization of energy consumption and the protection of
buildings against climatic factors. In some countries, people spend up to 90% of
their time indoors (offices, factory, workshops, homes, … ) so they need a viable
artificial environment that requires energy. Thermal insulation reduces heat loss,
saves heating, limits greenhouse gas emissions, and improves living comfort.

In addition, cement will remain the main material that meets the needs of
modern infrastructure and participates in the construction of large structures. Thus
the development of cement performance to meet current needs has prompted
several research projects to improve its thermal insulation without reducing its
resistance.

One of the most promising cements for thermal insulation is magnesium
oxychloride cement (MOC). During the last decade, the development of magne-
sium oxychloride cement was motivated by environmental considerations. The
MgO production temperature was lower than the conversion temperature of CaCO3

into Portland cement. The energy savings associated with this reduced temperature
have led many researchers to believe that magnesium oxychloride cements are the
future of green cement. In addition, MgO has the capacity to potentially absorb CO2
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unlike Portland cement. It is “carbon neuter” cement. These two interdependent
aspects have a recent academic and commercial interest in the field of MgO
cements.

MOC cement is synthesized by dissolving the magnesia MgO into aqueous
solution of magnesium chloride hexahydrate MgCl2, forming a homogeneous gel
from which the basic salts of magnesium chloride precipitate. These salts are
expressed by xMg(OH)2.yMgCl2.zH2O phases which depend on the temperature,
the reactivity of magnesium and the relationships between the number of moles of
MgCl2 to that of the water molecules, the temperature and the reactivity of magne-
sium [1]. It has several performances and has become popular due to its attractive
appearance, similar to that of marble. Indeed, it rapid hardening rate and it has high
mechanical strength and good resistance to abrasion. The abrasion resistance is
three times that of ordinary Portland cement. Generally, the compressive strength is
greater than 50 MPa after curing for 28 days [2–7]. In addition, a peculiarity of this
cement is its resistance to salt and saline solutions. The main applications used are
architectural applications such as the construction of thermal and acoustical insu-
lating panels [8], the construction of industrial floors and other prefabricated
building boards [9].

In this chapter, we investigated the thermal properties of Sorel cement. The aim
of this research was to improve the thermal insulation of Sorel cement by using a
polyvinyl acetate (PVAc) polymer. We have determined the thermal conductivity
and thermal diffusivity of various blended PVAc cements and we are studying the
effect of PVAc on the compressive strength of composite materials.

2. Experimental procedures

2.1 Specimen preparation

The main materials used to synthesize the MOC are Magnesia (MgO), magne-
sium chloride (MgCl2) and water (H2O). Magnesium oxide powder used in this
study is mostly produced by calcinations of magnesite powder (HiMedia, India) at a
temperature around 900°C. We dissolved magnesium chloride hexahydrate
(Scharlab, Spain) in distilled water to prepare a saturated solution of magnesium
chloride. The mass concentration of the solution was 217 g for 100 g of water. The
mass ratio of MgCl2.6H2O/MgO = 2.22 [10]. The PVAc polymer (SICOP, Tunisia) is
a fluid of low cost whose viscosity at 20°C is 10,000 � 500 Pa s and the PH = 6 � 1.

The samples were prepared by mixing at the same time magnesium oxide pow-
der, saturated magnesium chloride solution and PVAc polymer. The polyvinyl
acetate polymer is replaced by MgO. Five samples are synthesized; four samples
with the incorporation of PVAc and a control sample (without addition). The
obtained samples which are SC0 (0% PVAC), SC5 (5% PVAC), SC10 (10% PVAC),
SC15 (15% PVAC) and SC20 (20% PVAC). The mixtures were cast into the cylin-
drical molds of height 50 mm and diameter about 25 mm, stored for 24 h, then
unmolded and air-cured for 28 days.

2.2 Methods

The compressive strength of specimens was tested using Liyold mechanical
testing instrument with a load of 300 KN. At the age of 28 days, the compressive
strength for samples with diameter 25 mm and height 50 mm were measured at a
loading speed of 2 mm/min at ambient temperature.
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Measurement of thermal conductivity was performed in dry state using the
photothermal deflection technique.

The micro-morphology on the fractured surface of MOC was characterized by
scanning electron microscopy (SEM, JEOL-JSM- 5400). The sample is previously
coated with a layer of gold and SEM was operated at 15 kV of acceleration voltage.

3. Photothermal deflection technique

3.1 Principle of the photothermal deflection technique PTD

The sample is heated by modulated and uniform light pump beam. The optical
absorption of the sample will generate a unidimentional thermal wave that will
propagate into the sample and in the surrounding fluid near the surface of the
sample, inducing a temperature gradient then a refractive index gradient in the
fluid. The absorbed light is transformed into heat by a nonradiative de-excitation
process. A laser beam skimming parallely the sample surface and passing through
this refractive index gradient is deflected. This deflection is related to the thermal
and optical properties of the sample.

The deflection of the probe laser beam ψ is complex number ψ ¼j ψj ejφ
� �

given
by [11]:

ψ z, tð Þ ¼ L

n0

dn

dT f

ffiffiffi

2
p

μ f

T0j j e
� z0

μ f e
j θþ π

4�
z0
μ f

� �

e jωt (1)

T0 which is the periodic temperature rise at the sample surface is a complex
number that written T0 ¼ ∣ T0 ∣ ejθ, Z0 is the distance between the probe laser beam
axis and the sample surface, L is the sample length in the direction of the laser probe

beam, n is the fluid refractive index. Where μf ¼ Df=πfð Þ1=2 is the thermal diffusion

length of the fluid with Df the thermal diffusivity of the fluid and j2 ¼ �1:∣ ψ∣ and φ

are respectively the amplitude and the argument of the laser pump beam deflection
given by:

ψ zð Þj j ¼ � L

n0

dn

dT f

ffiffiffi

2
p

μ f

T0j j e
� z0

μ f (2)

φ ¼ �z0
μ f

þ θ þ π

4
(3)

In order to determine the deflection of the probe laser beam, we have to
calculate the periodic temperature T0 at the sample surface.

3.2 Calculation of the periodic elevation temperature T0 at the sample surface

3.2.1 Bulk sample

3.2.1.1 Calculation of T0

The sample consists of only one layer (Figure 1) of thermal conductivity ks, thermal
diffusivity Ds and thickness ls. It is fixed at backing of kb, Db, lb respectively thermal
conductivity, thermal diffusivity and thickness. The sample and backing are in a fluid
(air) of thermal conductivity kf, thermal diffusivity Df and thickness lf. To determine
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the periodic temperature T0, we solve the one-dimensional heat diffusion equation in
the different media backing, sample and fluid. Assuming that only the sample is
absorbing the pump light beam, the heat equations in the different media are given by:

∂
2T f

∂z2
¼ 1

D f

∂T f

∂t
if 0≤ z≤ l f

∂
2Ts

∂z2
¼ 1

Ds

∂Ts

∂t
� Aeα z 1þ e jω t

� �

if � ls ≤ z≤0

∂
2Tb

∂z2
¼ 1

Db

∂Tb

∂t
if � ls � lb ≤ z≤ � ls

(4)

where A = αsI0/2ks are constant numbers and αs is the optical absorption
coefficient of the sample.

Indeed, the application of the boundary conditions of temperature and heat flux
at the different interfaces allows us to determine the expression of the periodic
temperature T0 at the sample surface:

T0 ¼ �E 1� rð Þ 1þ bð Þ eσs ls � 1þ rð Þ 1� bð Þ e�σs ls
�

þ  2 r� bð Þ e�α ls
�

= 1þ gð Þ 1þ bð Þ eσs ls � 1� gð Þ 1� bð Þ e�σs ls
� � (5)

3.2.1.2 Illustration of theoretical model

We will study in this paragraph the variations of the photothermal signal as a
function of the square root of the frequency in the case of a bulk sample. Figure 2
represents the theoretical variations normalized amplitude and phase of the
photothermal signal as a function of the square root of the frequency for three
values of the thermal conductivity (k = 0.1, 2.0 and 4.0 W/m K) of a bulk sample.

Figure 1.
Different medium browsed by the heat.

Figure 2.
Theoretical variation of the normalized amplitude (a) and phase (b) of the photothermal signal with the
square root of modulation frequency for three numerical values of thermal conductivity.
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We see that the normalized amplitude and the phase of the PTD signal are insensi-
tive to variations of k (the three curves are coincident), which means that in this
case we cannot determine the thermal conductivity of the sample.

Figure 3 represents the theoretical variations normalized amplitude and phase
curves for different values of thermal diffusivity D. These curves show a remark-
able sensitivity of the PTD signal to variations in thermal diffusivity, which allows
determining thermal diffusivity with great precision.

3.2.2 Sample composed (layer deposed on a substrate)

3.2.2.1 Calculation of T0

The sample is composed of a layer deposed on a substrate (Figure 4). Fernelius
[10] was developed the theoretical model of a layer deposed on a substrate by writing
the heat equations in the four medium: fluid (Kf, Df, lf), sample (Ks, Ds, ls), black
layer (Kc, Dc, lc) and backing (Kb, Db, lb). Assuming that all the light is absorbed only
by the black layer, the heat equations in the different media are given by:

∂
2T f

∂z2
¼ 1

D f

∂T f

∂t
if 0≤ z≤ l f

∂
2Tc

∂z2
¼ 1

Dc

∂Tc

∂t
� Ac e

αc z 1þ e jω t
� �

if � lc ≤ z≤0

∂
2Ts

∂z2
¼ 1

Ds

∂Ts

∂t
if � lc � ls ≤ z≤ � ls

∂
2Tb

∂z2
¼ 1

Db

∂Tb

∂t
if � lc � ls � lb ≤ z≤ � lc � ls

(6)

Figure 3.
Theoretical variation of the normalized amplitude (a) and phase (b) of the photothermal signal with the
square root of modulation frequency for different values of thermal diffusivity.

Figure 4.
Different medium.
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where Ac = αcI0/2kc are constant numbers and αc is the optical absorption
coefficient of the black layer.

By applying the continuity conditions of temperature and heat flow at the
different interfaces allows us to determine the expression of the periodic tempera-
ture T0 at the sample surface:

T0 ¼ Ec½ 1� bð Þe�σsls ½ 1� rcð Þ 1� cð Þeσclc þ 1þ rcð Þ 1þ cð Þe�σc lc

�2 1þ c rcð Þe�αc lc � � 1þ bð Þeσsls ½ 1� rcð Þ 1þ cð Þeσclc þ 1þ rcð Þ 1� cð Þe�σc lc

�2 1� c rcð Þe�αc lc �� =½ 1þ bð Þeσsls 1þ g

c

� �

1þ cð Þeσclc þ 1� g

c

� �

1� cð Þe�σclc
h i

� 1� bð Þe�σsls 1þ g

c

� �

1� cð Þeσclc þ 1� g

c

� �

1þ cð Þe�σclc
h i

�

(7)

where Ec = Ac/(αc
2 � σc

2), rc = αc/σc, b = kbσb/ksσs, c = kcσc/ksσs, and g = kfσf/ks.

3.2.2.2 Illustration of theoretical model

Figure 5 shows the variations of normalized amplitude and phase for three
values of thermal conductivity with equal thermal diffusivity D = 0.4 10�7 m2 s�1

and well-defined values of the properties of the ink layer [11]. In addition, Figure 5
also shows the variations normalized amplitude and phase for different values of
thermal diffusivity with k = 1 Wm�1 K�1.

We notice that the PTD signal is sensitive to both the conductivity and the
thermal diffusivity of sample (substrate). Since the value of thermal diffusivity is
determined in the previous case (sample without layer), the value of thermal
conductivity can be determined with great precision.

4. Determination of the thermal diffusivity of the samples (without
black layer)

In this section, we will study the thermal diffusivity of samples (MOC without
and with PVAc) using the Photothermal Deflection technique PTD. Thermal diffu-
sivity is measured by the coincidence between the experimental curves of
photothermal signal to the corresponding theoretical ones.

Figure 5.
Theoretical variation of the normalized amplitude (a) and phase (b) of the photothermal signal with the
square root of modulation frequency for three values of thermal diffusivity and thermal conductivity.
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4.1 Thermal diffusivity of Sorel cement without PVAc

Figure 6 presents the experimental curves of normalized amplitude (a) and
phase (b) of the photothermal signal and the corresponding theoretical ones for
three values of the thermal diffusivity 0.2, 0.4 and 5.0 m2/s versus square root
modulation frequency for the reference sample (MOC without PVAc). Further-
more, Figure 6 also presents the experimental normalized amplitude and phase of
the photothermal signal and the corresponding theoretical ones for three values of
the thermal conductivity 0.01, 0.3 and 0.7 w/mk versus the square root modulation
frequency for magnesium oxychloride cement.

As noted in the previous section, the PTD signal is insensitive to thermal con-
ductivity. We can only determine the values of the thermal diffusivity of the
magnesium oxychloride cement. The theoretical curve which coincides best with
the experimental curve is obtained for 0.4 10�7 m2 s�1.

4.2 Thermal diffusivity of Sorel cement with PVAc

We will proceed the same way for the rest of the magnesium oxychloride
cement samples to which PVAc has been added with different percentages using the
same method. Figure 7 shows the normalized amplitude and phase of experimental

Figure 6.
Experimental and theoretical variation of the normalized amplitude (a) and phase (b) of the photothermal
signal with the square root of modulation frequency for three values of thermal diffusivity and thermal
conductivity.

Figure 7.
The normalized amplitude (a) and phase (b) of experimental photothermal signal versus square root of
modulation frequency of the magnesium oxychloride cement with PVAc fitted with theoretical curves (line).
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photothermal signal versus square root of modulation frequency of the magnesium
oxychloride cement with PVAc fitted with theoretical curves. The theoretical curves
that best coincide with the experimental curves allow deducing the thermal diffu-
sivity of the samples (Figure 7). The difference between theses curves is due to
their different thermal diffusivity. We note that the addition of PVAc significantly
influences on the diffusivity values. Indeed, the thermal diffusivity decreases with
the percentage of PVAc and reaches their minimum values at 10% and begins to
increase after this value. The reduction of thermal diffusivity of cement is due to the
insulating effect of polyvinyl acetate particles. The thermal diffusivity of PVAc is
measured by the same technique (PTD) [12].

5. Determination of the thermal conductivity of the samples (with black
layer)

In order to determine the thermal conductivity value of the sample, we have
deposed a thin ink layer of few microns thick at the sample surface which we have
taken into account in our theoretical model. The ink layer absorbs the entire light
beam and therefore considerably increases the amplitude of the photothermal signal
and makes the signal sensitive to the thermal conductivity of the sample.

5.1 Thermal conductivity of Sorel cement without PVAc

Indeed, these curves represent the experimental and theoretical variation of
normalized amplitude and phase of the photothermal signal versus the square root
of the modulation frequency (Figure 8). The best adjustment is obtained for a
thermal conductivity equal to 0.9 Wm�1 K�1. This suggests that the thermal con-
ductivity (0.9 Wm�1 K�1) and thermal diffusivity (0.4 � 10�7 m2 /s) values are
reasonably accurate.

5.2 Thermal conductivity of Sorel cement with PVAc

The curves on Figure 9 show the experimental and theoretical variation of the
normalized amplitude (a) and phase (b) of the photothermal signal with the square
root of modulation frequency. The best adjustment of experimental and theoretical
curve leads to the determination of thermal conductivity value with precision. We
notice that magnesium oxychloride cement (without PVAc) present the greatest

Figure 8.
Normalized amplitude (a) and phase (b) of experimental Photothermal signal versus square root modulation
frequency of PVAc fitted with theoretical curves (line).
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values of thermal conductivity. The samples of magnesium oxychloride cement with
different percentages present a minimum of thermal conductivity at 10% addition
with a slight increase to 15 and 20% of PVAc. Indeed, the insulating effect and the
amorphous structure of PVAc particles [11–12] are responsible for the reduction of
thermal conductivity. We conclude that the incorporation of PVAc improves the
thermal properties of the MOC. Values of thermal conductivity and thermal diffusiv-
ity decreased from 0.9 to 0.45w/mk, and 0.4� 10�7 to 0.18� 10�7m2/s, respectively.
Moreover, an optimum of 10% is obtained, which corresponds to a reduction of
approximately 50% in thermal conductivity and 55% in thermal diffusivity which can
be explained by the appearance of the smallest pore-size in the cement matrix [12].

6. Compressive strength

In order to study the effect of the incorporation of polymers on the mechanical
properties, compressive strength measurements made on samples air-cured for
28 days. The results of compressive strength are shown in Table 1.

The incorporation of PVAc losses the mechanical strength and it presents a varia-
tion from 64.88 to 23.07 MPa corresponds to a reduction approximately of 64%.
Furthermore, the reduction in compressive strength of the thermal optimum is
approximately 55%. However, it maintains good mechanical strength. Indeed, we
improve the thermal properties of magnesium oxychloride cement while keeping a
good resistance. The phase 5 (5 Mg(OH)2.MgCl2.8H2O) is the source for strength and
hardening of Sorel cement. At the atomic scale, phase 5 formation can be explained by
the adsorption of the atomsMg2+, OH� andCl�whenmixingMgO andMgCl2.6H2Oon
the surface of MgO. Figure 10 shows the microstructures of both magnesium

Figure 9.
Experimental and theoretical variation of the normalized amplitude (a) and phase (b) of the photothermal
signal with the square root of modulation frequency.

Samples Compressive strength (MPa)

SC0 64.88

SC5 41.33

SC10 29.05

SC15 26.40

SC20 23.07

Table 1.
Compressive strength of Sorel cement for different percentage of PVAc.
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oxychloride cement without and with PVAc (5 μm).We see in these images the needle
shaped crystals. These needles shaped crystals is the P5 (5Mg(OH)2.MgCl2.8H2O).We
note that the incorporation of PVAc does not affect for the development of P5.

7. Conclusion

The objective of this work is to study the thermal properties of Sorel cement,
which is a building material with promising performance. In order to determine the
thermal properties of the cement, the photothermal deflection technique is used.
The insulation properties of the SC were enhanced with the incorporation of PVAc.
The thermal conductivities and thermal diffusivity of SC with PVAc are in a range
of 0.45–0.9 W/m K and 0.4 10�7

–0.18 10�7 m2/s, respectively. A thermal optimum
is obtained for 10% of PVAc so that a reduction of 50% of the thermal conductivity
and 55% of the thermal diffusivity is obtained. Furthermore, the compressive
strength of SC is notably influenced by the incorporation of PVAc and increases
with decreasing PVAc percentages, the value of compressive strength vary from
64.88 to 23.07 MPa and achieves a reduction of up to 64% for 20% of PVAc.
However, the thermal optimum reaches 55% reduction in compressive strength
(29.05 MPa) but retains good mechanical strength.
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