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a b s t r a c t

This study investigates the durability of cementitious composites containing microencapsulated phase
change materials (PCMs). First, the stability of the PCM's enthalpy of phase change was examined. A
reduction of around 25% in the phase change enthalpy was observed, irrespective of PCM dosage and
aging. Significantly, this reduction in enthalpy was not caused by mechanical damage that was induced
during mixing, but rather by chemical interactions with dissolved SO4

2- ions. Second, the influence of PCM
additions on water absorption and drying shrinkage of PCM-mortar composites were examined. PCM
microcapsules reduced the rate and extent of water sorption; the former was due to their non-sorptive
nature which induces hindrances in moisture movement, and the latter was due to dilution, i.e., a
reduction in the volume of sorptive cement paste. On the other hand, PCM inclusions did not influence
the drying shrinkage of cementitious composites, due to their inability to restrain the shrinkage of the
cement paste. The results suggest that PCMs exert no detrimental influences on, and, in specific cases,
may even slightly improve the durability of cementitious composites.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction and background

Heating, ventilation, and air conditioning of buildings accounts
for nearly 20% of annual energy consumption in the U.S. [1]. The
embedment of phase changematerials (PCMs) in buildingmaterials
is an effective means to reduce such energy expenditures [2e6].
The benefits of energy efficiency arise from the ability of PCMs to
store and release heat in response to temperature changes by un-
dergoing reversible phase transitions between the solid and liquid
states. Organic compounds such as paraffins and fatty acids are
often used as PCMs due to their low cost, high latent heat of fusion,
and appropriate temperature of phase change (Tpc) [4,6]. These
materials are generally used in microencapsulated forms (with
try of Construction Materials
ring, University of California,
particle diameter of 1 mm-1 mm) to facilitate handling and to
prevent PCM exposure with caustic building materials [4].

The economic feasibility of employing microencapsulated PCMs
in cementitious composites (i.e., PCM-mortar composites) depends
on the ability of PCMs to reduce energy expenditures while
embedded within a structural material [7]. Therefore, the PCM
must retain its enthalpy of phase change over the service life of the
composite. This requires the following: (i) physical durability of
PCM capsules, i.e., the ability to resist rupture during concrete
mixing and during thermal cycling, and (ii) chemical stability of the
PCM microcapsules within the alkaline cementitious environment
[8e10]. Moreover, the dosage of the PCMs should not detrimentally
influence the durability of the cementitious matrix in which they
are embedded.

Numerous studies have examined the ability of PCMs to reduce
energy needs that are associated with heating/cooling buildings
[2e6,11]. A smaller body of research has examined the ability of
PCMs to mitigate early-age temperature rise in cementitious ma-
terials caused by exothermic cement hydration, and the resultant
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risk of thermal cracking [12e14]. In spite of extensive efforts, only a
few studies have examined the durability of PCMs in the context of
their chemical durability in alkaline cementitious environments
[12,15]. During hydration, cement particles dissolve, turning the
pore solution into a caustic electrolyte [16]. The pore solution
contains alkalis, SO4

2-, and Ca2þ species, presenting a pH typically
greater than 13 [17e19]. When microencapsulated PCMs are
embedded in such caustic systems, chemical reactions between the
pore solution and the capsule shell could result in damaging al-
terations, which could reduce the enthalpy of phase change [12].
Thus, it is of great importance to investigate the extent to which
exposure to caustic cementitious environments affects micro-
encapsulated PCMs' thermal storage capability. With these con-
siderations in mind, the present study systematically examines:

� PCM survivability during fabrication of PCM-mortar com-
posites, with respect to damage and/or rupture of the PCM
microcapsules that may occur during mechanical mixing,

� Chemical durability of PCM within cementitious matrices, and
the potential interactions between the PCM and the pore-fluid
that results in enthalpy alteration (reduction), and

� Cementitious matrix durability, with emphasis on assessing
how dosage of PCMs alters water absorption and drying
shrinkage behavior of cementitious composites containing
PCMs.

Based on this direction of inquiry, a 25% reduction in enthalpy of
phase change of PCMs is noted following their embedment in a
cementitious matrix, regardless of whether mechanical mixing is
carried out or not. This observed enthalpy reduction is attributed to
chemical reaction of the PCM shell material with sulfate ions,
causing the release of core material, and its reaction with the pore
solution. To the best of our knowledge, this is the first time that a
reduction in enthalpy of phase change of PCMs in cementitious
environments and its mechanism have been reported. Additionally,
we observe that PCMs only minimally influence the drying
shrinkage of PCM-mortar composites, while beneficially reducing
water sorption similar to other non-sorptive inclusions. These latter
parameters which reflects the tightness of concrete to aggressive
agents [20e25] and its resistance to cracking, respectively, are
critical indicators of concrete durability [26e29].

2. Materials and methods

2.1. Materials

Four different commercially available microencapsulated PCMs
were used: MPCM6D, MPCM24D, MPCM43D (Microtek Labora-
tories) and Micronal DS 5008X (BASF Corporation). The relevant
onset melting temperatures (indicative of Tpc) were 4.1 �C, 19.6 �C,
41.2 �C, and 22.8 �C, respectively, as measured by differential
scanning calorimetry (DSC). The Microtek PCMs consisted of
paraffin (alkane) cores that are encapsulated within melamine-
formaldehyde (MF) shells, while the BASF PCM consisted of a
paraffin (alkane) core that was encapsulated within an acrylate
polymer shell. In each case, variations in the phase change tem-
perature are realized by altering the “chain length”, i.e., the number
of carbon atoms in an alkane of generic composition (CnH2nþ2,
where ‘n’ is the number of carbon atoms). The PCMs were received
in the form of dry powders.

These four microencapsulated PCMs were selected for study
since they encompass the range of phase change temperatures
relevant for use in cementitious composites. Specifically, Tpc near
0 �C (e.g., MPCM6D) may be beneficial to mitigate freeze-thaw
damage [30], Tpc close to room temperature (e.g., MPCM24D and
Micronal DS 5008X) may be beneficial in reducing HVAC-related
energy expenditures [6], and a higher Tpc (e.g., MPCM43D) may
be used to mitigate early-age temperature rise caused by
(exothermic) cement hydration [12]. Each of themicroencapsulated
PCMs has been characterized in detail, e.g., in terms of: (i) their
particle size distributions using static light scattering, (ii) their
surface morphology using scanning electron microscopy (SEM),
and (iii) their enthalpy of phase change using DSC; before and after
immersion in alkaline solutions.

To more comprehensively assess chemical stability, MPCM24D
was also immersed in sulfate-rich solutions, and examined
morphologically using SEM and for compositional changes using X-
ray diffraction (XRD). Further, MPCM24D-mortar composites were
examined in terms of both their drying shrinkage and water
sorption behavior. Broadly, all other PCMs are expected to show
similar behavior as MPCM24D based composites due to their
similar shell/alkane-core compositions.

An ASTM C150 [31] compliant Type I/II ordinary Portland
cement (OPC) was mixed with deionized (DI) water to prepare
cement pastes andmortars in accordancewith ASTMC192 [32]. The
OPC had a nominal mass-based mineralogical composition of:
56.5% Ca3SiO5, 18.0% Ca2SiO4, 11.4% Ca4Al2Fe2O10, 6.3% Ca3Al2O6,
4.6% CaCO3, 1.2% CaSO4, 1.1% CaSO4$2H2O, 0.5% CaSO4$0.5H2O, and
0.5% CaO. An ASTM C778 [33] compliant graded quartz sand
(denoted as quartz hereafter) was used as a stiff, non-sorptive
aggregate within the cement mortars.

Reference (“control”) plain pastes with water-to-cement ratio
(w/c, mass basis) of 0.35, 0.45, and 0.55 were prepared for water
absorption measurements. For all other tests, cementitious mortars
were prepared at a fixed w/c ¼ 0.45 at various dosages of micro-
encapsulated PCM and/or quartz inclusions. The inclusions were
dosed as a percentage of the total composite volume at three levels
(i.e., 10, 30 and 55 vol %). Thesemixtures are denoted by the volume
percentage of the type of inclusion present preceded by “P” and/or
“Q” corresponding to the PCM and quartz inclusions, respectively.
To maintain workability (i.e., to enhance fluidity at high inclusion
volume fractions), a commercially available water-reducing
admixture (WRA; MasterGlenium 7500, BASF Corporation) was
added. The WRA dosage for each mixture was as follows (% of
cement mass): P10e0.5%, P30e2.0%, P20 þ Q10e1.0%,
P10þ Q20e0.5%, P20þ Q35e1.5%, P10þ Q45e1.0%, and Q55e0.5%.
All other formulations contained no WRA.

2.2. Experimental methods

Static Light Scattering: A Beckman Coulter Static Light Scat-
tering (SLS) Particle Analyzer (LS13-320) was used to determine the
particle size distributions (PSDs) of the OPC, PCM microcapsules,
and graded quartz sand used in the specimen preparation, as pre-
sented in Fig. 1. Each material was first dispersed into primary
particles via ultrasonication in isopropanol that also served as the
carrier fluid. The densities of OPC, quartz, Micronal DS 5008X and
Microtek microencapsulated PCMs were taken as: 3150 kg/m3,
2650 kg/m3, 300 kg/m3, and 900 kg/m3, respectively. The complex
refractive indices of the OPC, PCMs, and quartz were taken as
1.70 þ i 0.10 [34], 1.53 þ i 0.00 [35], and 1.54 þ i 0.00 [36],
respectively. The maximum uncertainty in the PSDs was about 6%
based on 6 replicate measurements.

Differential Scanning Calorimetry: The enthalpy of phase
change (DHPC), and the phase change temperature (TPC) of the
PCMs was determined using differential scanning calorimetry (DSC
8500, Perkin Elmer) in accordance with ASTM E1269 [37]. Prior to
measurement, temperature and heat flow calibrations were per-
formed using indium and zinc standards. Samples consisting of
z10 mg of microencapsulated PCMs or PCM-mortar composites



Fig. 1. Particle size distributions of OPC, quartz, and the different microencapsulated
PCMs as measured using static light scattering (SLS).
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were placed in sealed aluminum pans and subjected to a temper-
ature cycle ranging from �50-to-100 �C at a scan rate of 10 �C/min.
The data reported is the average of three replicate specimens.

X-Ray Diffraction: Qualitative X-ray diffraction analysis was
performed on PCM microcapsules before and after exposure to
alkaline solutions. The samples were scanned from of 5-to-70� (2q)
using a Bruker-D8 Advance diffractometer in a q-q configuration
with Cu-Ka radiation (l ¼ 1.54 Å) and a VANTEC-1 detector. The
diffractometer was run in continuous mode with an integrated step
scan of 0.021� (2q). A fixed divergence slit of 1.00� was used during
X-ray data acquisition.

Scanning Electron Microscopy: SEM observations were per-
formed on pristine PCMs and on PCM capsules before and after
immersion in alkaline solutions for 6 h. The microencapsulated
PCMs were deposited on carbon adhesive and then gold-coated.
Secondary electron (SE) images were obtained at an accelerating
voltage of 10 kV and a beam current of 80 pA using an FEI Nova
NanoSEM 230.

Water Absorption: Amodified ASTM C1585 [38] procedure was
used to characterize the rate and extent of water sorption in PCM-
mortar composites. Cylindrical specimens (d x h, 10 cm � 20 cm)
were cast, then cured for 28 days in saturated limewater before
being cut into 10 cm � 3.75 cm sections using a diamond-tipped
masonry saw. The cylindrical slices were conditioned at 50 �C in a
desiccator at relative humidity (RH) of 80% established using a
saturated KBr solution for 3 days. Thereafter, each sample was
stored in a sealed container for another 15 days to allow moisture
redistribution. The sides and one face of the cylinder were sealed
with aluminum tape, leaving only one open face exposed to water
at 23 �C. The mass of water absorbed through this face was recor-
ded over a time period of 8 days using a laboratory balance
(ML1502E, Mettler Toledo) with a precision of ±0.01 g. The data
reported is the average of three replicate specimens prepared from
the same mixing batch.

Drying Shrinkage: Unrestrained drying deformations of
cementitious specimens were measured as per ASTM C157 [39].
Cement pastes and mortars were cast in prismatic molds
(2.5 cm� 2.5 cm x 28.5 cm,w x h x l), cured for 24 h above water in
a sealed container, prior to curing in saturated limewater until an
age of 28 days. The specimens were subsequently dried, sealed on
two sides with aluminum tape to ensure 1Dmoisture diffusion, and
stored at 25.0 ± 0.2 �C and 50.0 ± 0.2% RH in an environmental
chamber (KB024-DA, Darwin Chambers Company). Changes in the
prismatic samples' lengths were recorded at 1, 3, 7, 14, 28, 56, and
90 days from the start of the drying period. The data reported is the
average of four replicate specimens prepared from the samemixing
batch.
3. Results and discussion

3.1. Stability of the PCM's phase change enthalpy in cementitious
environments

Fig. 2(a) displays DSC heat flow curves showing the melting and
solidification behavior of pristine MPCM24D microcapsules. The
curves show small peaks attributed to impurities blended into the
paraffin (the active PCM ingredient) to control its phase change
temperature [40]. The peak temperature during the melting
(heating) process was about 27.8 �C, while the peak temperature
during the solidification (cooling) was about 16.6 �C. The difference
between observed peak temperatures for melting and solidification
is indicative of supercooling, which is common in micro-
encapsulated PCMs, due to the lack of heterogeneous nucleation
sites for solidification to initiate within the microcapsules [4e6].
The enthalpies of phase change were 161.2 ± 0.5 kJ/kg and
136.6 ± 0.4 kJ/kg for pristine MPCM24D and Micronal DS 5008X,
respectively (for other PCMs, see Supplementary Materials, Section
S.1). The data reported is the average of three replicates.

Fig. 2(b) shows DSC heating curves for cement mortar speci-
mens containing 0, 10, 20 and 30 vol % MPCM24D in the mixture.
The temperature corresponding to the onset (24 ± 1 �C) of phase
change, and the temperature at the peak (27 ± 1 �C) were similar
regardless of the PCM dosage. No peaks were observed in the DSC
curve of the plain cement paste, as expected. It is worth pointing
out that the cooling curves show behavior similar to that of the
heating curves, and the enthalpy of solidification is equal and
opposite to that corresponding to melting. The microencapsulated
PCM mass fraction in the composite dictates its “expected” phase
change enthalpy DHcalc (in kJ/kg) expressed as,

DHcalc ¼
mPhsf ;P
mP þmm

(1)

where, hsf,P is the measured latent heat of fusion of the core-shell
PCM microcapsules (e.g., 161.2 kJ/kg for MPCM24D), while mP and
mm are themasses of core-shell PCMmicrocapsules and the cement
paste in the composite, respectively. Fig. 2(c) shows the correlation
between the measured phase change enthalpy of PCM-containing
cementitious composites, DHexp, and that calculated using Equa-
tion (1), DHcalc. A linear relation is noted between DHexp and DHcalc,
but with a slope of 0.75. As such, the incorporation of PCM mi-
crocapsules within the cementitious paste results in a 25% enthalpy
reduction, which was observed to be independent of both the PCM
dosage and the age of the cementitious composite. A similar
enthalpy reduction was observed previously when Micronal DS
5008X PCM microcapsules were added to cement pastes [12].

PCM capsule survivability during mechanical mixing: Me-
chanical mixing of the PCM-mortar composites, and the potential
damage it causes to the PCMmicrocapsules, was investigated as the
cause of the enthalpy reduction observed in Fig. 2(c). As a com-
parison to PCMmortars that were fabricated bymixing the cement,
microencapsulated PCM, and water in a planetary action mixer as
per ASTM C305 [41], an additional set of PCM-mortar composites
was created within a DSC pan (4¼ 5 mm) by gently sprinkling onto
an underlying paste layer, PCM particles, and then covering these
particles with additional cement paste, forming a “sandwich”, after
which the pan was crimped shut. The resulting PCM sandwich
specimens were cured for 3 days in a sealed condition prior to DSC
characterization. This preparation procedure was used to avoid any
damage to the PCMmicrocapsules due to shear and frictional forces
that may develop during mechanical mixing. As such, this pro-
cedure enables discrimination of the effects of mechanical mixing
from those associated with the nature of the chemical



(a) (b) (c)
Fig. 2. (a) Representative DSC curves illustrating the enthalpy of melting and solidification of pristine MPCM24D. (b) Representative DSC curves for a PCM-mortar composites (w/
c ¼ 0.45) containing different volume fractions of MPCM24D. For clarity, only the endothermic (melting) peaks are shown, as the enthalpy of phase change measured during
solidification is similar to that observed during melting. (c) The measured enthalpy of phase change for PCM-mortar composites (w/c ¼ 0.45) as a function of the enthalpy that is
expected based on the mass dosage of PCM in the composite (Equation (1)). Evenwhen mechanical mixing is avoided (e.g., see data for PCM “sandwiches”), an enthalpy reduction is
noted, indicating that mixing and mechanical damage caused to the PCM capsules is not the cause of enthalpy reduction.
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environment. Fig. 2(c) reveals the measured enthalpy of phase
change of these PCM sandwich composites falls on the same trend
line as those subjected to mechanical mixing, indicating that me-
chanical mixing is not the cause of the observed enthalpy reduc-
tion. As such, this clarifies that a chemical rather than mechanical
cause is at the origin of the enthalpy reduction observed in PCM
containing cementitious composites.

Chemical stability of PCM within model cementitious envi-
ronments: To evaluate the chemical stability of microencapsulated
PCMs in alkaline conditions similar to cement pore solutions, PCM
microcapsules were immersed in solutions of the following com-
positions: 0.02 M Ca(OH)2, 0.5 M NaOH, 1 M NaOH, 2 M NaOH, and
3MNaOH. Following 1, 3, 7, and 28 days of immersion, the enthalpy
of phase change and the onset temperature of phase change of the
PCM microcapsules were characterized via DSC.\

Fig. 3 shows the change in the enthalpy of phase change of
MPCM24D and DS 5008X PCM microcapsules as a function of im-
mersion time, relative to that in their pristine condition. Over 28
days of immersion, the enthalpy of phase change of the micro-
encapsulated PCMs decreased by � 2%. This suggests that the PCM
capsule is sufficiently stable in alkaline environments. These results
were consistent across PCMs of various transition temperatures
(see Supplementary Materials, Section S.1). While these results
indicate that negligible enthalpy reduction occurred in alkaline
solutions, regardless of the associated cation, these simplified so-
lutions did not contain the diversity of potentially deleterious ions
present in the cement pore solution. For example, gypsum (hy-
drated calcium sulfate, CaSO4▪H2O) is commonly added to OPC to
control the setting time. In this case, sulfate ions in the pore solu-
tion of cement paste may play an important role in deteriorating
the PCM microcapsules' shell material, which requires further ex-
amination [42]. It should be noted that cement pore solution ach-
ieves gypsum saturation within the first few hours, and the
concentration of sulfate ions progressively decreases in time [42].

Fig. 4(a) shows the relative change in enthalpy of phase change
for MPCM24D microcapsules exposed to CaSO4$2H20 (gypsum)
solutions having concentrations of 7.35 mM, and 17.65 mM, for up
to 28 days at 23 �C and 50 �C. The higher concentration, 17.65 mM
corresponds to the solubility limit of gypsum inwater at 23 �C. Also,
while the lower temperature corresponds to ambient conditions,
the higher temperature (50 �C) corresponds to that which may be
achieved in modestly sized concrete sections due to the effects of
self-insulation and the exothermic nature of cement þ water
reactions.

An immediate decrease in the PCM's enthalpy of phase change
was observed (i.e., in �24 h) upon immersion in sulfate solutions,
especially at slightly elevated temperature. For example, the
enthalpy reduction of MPCM24D immersed in saturated calcium
sulfate solution at 50 �C after 28 days was around 23%. These
findings suggested that SO4

2- ions play a significant role in inducing
the observed 25% enthalpy reduction following embedment of PCM
in cementitious composites (e.g., see Fig. 2(c)). This is attributed to
the fact that the shell material of the microencapsulated PCMs was
a melamine-formaldehyde (MF) resin that is synthesized by
crosslinking melamine with formaldehyde under alkaline condi-
tions. Since the crosslinking reactions are reversible, the crosslinks
in MF's structure may breakdown in aqueous environments [43].
Following reversible breakdown, melamine co-crystallizes with
SO4

2- ions to form a melamine-sulfate (MS)-like supramolecular
structure of molecular formula: [(C3H7N6

þ)2(SO4
2-)]$2H2O [44]. It is

worth pointing out that the observed PCM enthalpy reduction
occurred immediately after exposure to SO4

2- ions e but after this
initial reduction, no further change in the enthalpy of phase change
was observed.

Fig. 4(b) shows XRD of MPCM24D samples before and following
their immersion in saturated gypsum solutions for 28 days, and
those for the melamine-sulfate (MS) supramolecular structure [44].
The X-ray patterns confirm the presence of supramolecular crystal
compounds following immersion of PCM microcapsules in a satu-
rated sulfate solution. It is postulated that hydrolysis of the MF
crosslinks occurs within the shell of PCMmicrocapsules exposed to
sulfate solutions. This process releases melamine, which then re-
acts with sulfate ions in solution to form the MS supramolecule
with a 3D microporous structure that is linked by intermolecular
hydrogen-bonds and aromatic p-p interactions [44]. These re-
actions deform and degrade the PCM's shell causing its rupture;
after which the paraffinic core contacts the alkaline cementitious
pore-fluid. This is confirmed by the SEM images presented in
Fig. 4(ced) which show capsule rupture following exposure to
gypsum solutions. The reduction in the enthalpy of phase change is
thus attributed to the contact of the PCM core material with the
high pH cementitious environment. To confirm this hypothesis, the



Fig. 3. The relative change in the enthalpy of phase change for (a) MPCM24D, and (b) Micronal DS 5008X following immersion in alkaline (similar to pore fluid) solutions for 28
days. The highest uncertainty in each measured data point is on the order of ±1%.

Fig. 4. (a) The change in the phase change enthalpy of MPCM24D following immersion in gypsum solutions. (b) The XRD patterns of the MS supramolecular structure and of
MPCM24D before and after immersion in saturated gypsum solutions for 28 days. SEM images of the MPCM24Dmicrocapsules: (c) before exposure, and, (d) after 3 days exposure to
saturated calcium sulfate solution at 50 �C, wherein ruptured capsules are highlighted by the red circular traces. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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paraffinic core material of MPCM24D was directly dispersed into
gypsum solutions and stirred at 50 �C over a 28-day exposure
period. Before exposure, the enthalpy of phase change of
MPCM24D's core material was 199.8 kJ/kg; which indicated that
following its encapsulation, the core accounted for 81 mass % of the
MPCM24D microcapsules. Upon exposure to saturated gypsum
solutions, the enthalpy of phase change of the core material
decreased to 166.1 kJ/kg, a 17% reduction. Since the MF shell has no
latent heat capacity, and the enthalpy reduction of MPCM24D
immersed in at 50 �C after 28 days was z23% (e.g., see Fig. 4(a)), it
was estimated that around 30% of the core material has been
released (degraded) from the capsules. These results indicate that
chemical reactions between the PCM core and SO4

2- are primarily
responsible for the observed enthalpy reduction (Fig. 2(c)). This
pathway of the PCM's enthalpy reduction resulting from chemical
interactions is summarized in Fig. 5.
3.2. Moisture transport behavior of PCM-containing cementitious
composites

The water absorption response of PCM-mortars was quantified
as per ASTM C1585. This involved measuring incremental mass
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change (increase) of the samples after 1 min, 5 min, 10 min, 20 min,
30 min, 60 min, 120 min, 180 min, 240 min, 300 min, 360 min, and
then every day for up to 8 days following their contact with water.
The origin of time was taken at the moment when the specimen
was first placed in contact with water. The cumulative volume of
absorbed water per unit area of inflow surface I (in mm), was
calculated as,

I ¼ Dmt

rwA
(2)

where Dmt (g) is the cumulative change in specimen mass at time t
(seconds), A (mm2) is the area of the specimen exposed to water,
and rw is the density of water (0.001 g/mm3 at 23 �C). As per Hall
[45], single-phase flow by capillary sorption in an unsaturated
porous media can be expressed in the form of a diffusion equation
e thus, from theory, I scales to t1/2. But, in practice a finite positive
intercept, k (mm), is noted as a result of the filling of surface
porosity on the inflow surface [45]. As such, the sorptivity S can be
determined from the slope of the best-fit line [38],

I ¼ kþ St1=2 (3)

where S is the sorptivity of the material, i.e., the rate of absorption
(in mm/h1/2) and t is the time (in h). As per ASTM C1585, Equation
(3) was fitted to the measured absorption data I(t) within the first
6 h, and between 1 and 8 days, to calculate the initial sorptivity (S1,
in mm/h1/2) and secondary sorptivity (S2, in mm/h1/2), respectively.

Fig. 6(a) shows representative water absorption data for a plain
cement paste (w/c ¼ 0.45) [38,46]. Neithalath [47] proposed that
water sorption data can be described by a combination of an
exponential term for sorption and a solution of Fick's second law for
diffusion to predict time-dependent moisture ingress such that,

I ¼ Dmt

rwA

¼ B

"
1� exp

 
�S1t1=2

B

!#
þ C0L

rw

(
1

�
X∞
n¼0

8

ð2nþ 1Þ2p2
exp

"
�Dmð2nþ 1Þ2p2t

4L2

#)
(4)

where B describes the penetration depth when capillary pores
dominate initial sorption (mm), C0 is the concentration of moisture
at the specimen's surface (kg/m3), Dm is the moisture diffusion
Fig. 5. The proposed chemical interaction pathway which results in enthalpy reduction (
coefficient (m2/h), and L is the length of the specimen (m). Exper-
imental data of I estimated using Equation (2), and S1 obtained via
Equation (3) were used to fit Equation (4), thus revealing the con-
stants B, C0, and Dm. Fig. 6(b) displays a representative fit of the
Equation (4) for the plain paste (w/c ¼ 0.45) including the sepa-
rated contributions of capillary sorption and of diffusion, respec-
tively. As expected, the contribution of capillary sorption to
moisture intake was dominant at early times, and vanished over
time, while the diffusion term represented long-term moisture
transport involving the smaller gel pores [46,47]. The fitting of
Equation (4) to the experimental water intake of the cement mor-
tars (for w/c ¼ 0.45) containing various dosages of PCM's and/or
quartz inclusions was carried out (see Supplementary Materials,
Section S.2). Note that, based on Equation (4), after an infinite
amount of time, the cumulative water absorbed in the specimen is
equal to B þ C0L/rw.

Fig. 7(a) displays the initial S1 and secondary S2 sorptivities
measured for all mixtures (for w/c ¼ 0.45) as functions of inclusion
volume fraction fPþQ. It is noted that regardless of the nature of
inclusions present (i.e., PCM or quartz), both S1 and S2 decreased
linearly with increasing total inclusion volume fraction. This is
because both quartz and PCM serve as non-sorptive inclusions [48].
As the volume fraction of non-sorptive inclusions increases, capil-
lary flow is redirected around inclusion particles, increasing the
tortuosity of the transport path. As a result, moisture penetration
rates diminish. Further, the initial sorptivity decreased faster than
the secondary sorptivity, indicating a greater relative importance of
diffusive moisture transport with increasing inclusion dosage. In
addition, the effective moisture diffusion coefficient Dm (Fig. 7(b))
decreased systematically with inclusion dosage since both PCM and
quartz were non-porous inclusions, far less permeable than the
cement paste. In turn, the total amount of water absorbed by the
composites diminished with inclusion dosage due to the dilution of
the content of porous cement paste, which is the main water-
sorbing component in the composite (see Fig. 7(c)).

As water absorption appeared relatively insensitive to the type
of inclusion, a model was sought to capture both the effects of w/c
and inclusion volume (i.e., reduction in paste content) on water
absorption. Simply, water absorption depends on the unsaturated
and interconnected porosity of the system, i.e., the volume avail-
able to be filled with water. The total porosity, composed of capil-
lary porosity (Vcw), the gel porosity (Vgw), and chemical shrinkage
(Vcs) in a cement paste can be determined by Powers' model which
estimates the volume relationships among constituents and
porosity of the mixtures during the hydration process [49,50] at a
reduction) of the PCMs following exposure to caustic solutions containing SO4
2- ions.



(a) (b)

Fig. 6. (a) Water sorption as a function of the square root of time (h1/2) for a plain cement (w/c ¼ 0.45), and (b) Representative fits of the sorption-diffusion equation (Equation (4))
to the plain cement paste's water sorption response.

Fig. 7. (a)Water sorptivity, (b)Moisture diffusion coefficients of cementitious composites containing PCM and/or quartz inclusions for w/c ¼ 0.45, and (c) The cumulative amount of
water absorbed by cementitious composites containing PCM and/or quartz inclusions for w/c ¼ 0.45 after infinite time.
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given degree of cement reaction, here taken to be 80% after 28 days
[51].

Since both PCM and quartz were non-sorptive and non-reactive
inclusions, and assuming that no volume expansion occurs during
wetting, the total porosity of the mixture can be calculated as a
function of w/c, degree of reaction (a, unitless), and the inclusion
dosage. Indeed, isothermal calorimetry has indicated that PCM
microcapsules and quartz inclusions exert no appreciable effect on
the degree of hydration [12]. As such, Fig. 8 shows the maximum
long-termwater uptake of a range of cementitious composites (i.e.,
both with, and without inclusions) as a function of their total
porosity calculated by Powers model [49]. Across all compositions,
an empirical logarithmic expression described the relationship
between themaximumwater uptake Imax and the total porosity Vtot
(i.e., the sum of the capillary and gel pores, and void spaces created
by chemical shrinkage):

Imax ¼ 0:50 ln Vtot þ 1:36 (5)

To ascertain the predictive power of this approach, water
sorption experiments were carried out on three additional mix-
tures having different w/c and volume fractions of PCM and quartz:
(i) w/c ¼ 0.40 mortar containing 40 vol % PCM, (ii) w/c ¼ 0.50
mortar containing 25 vol % PCM and 25 vol % quartz, and (iii) w/
c ¼ 0.60 mortar containing 25 vol % quartz. The empirical expres-
sion shown in Equation (5) was able to robustly capture the ter-
minal amount of water sorbed by these mixtures, simply from
knowledge of the mixture proportions, and the degree of reaction
(see Fig. 8). It should be noted that Equation (5) accounts for dif-
ferences in porosity (volume fraction) based only on the initial w/c
of the cement paste. The addition of non-sorptive inclusions dilutes
the volume fraction of the porous cement paste, thereby reducing
the volume of porosity in the cementitious composite. Therefore,
the present expression only accounts for the effects of non-sorptive
(or negligibly sorptive) inclusions. While Equation (5) could indeed
be modified to represent the effects of porous aggregates, i.e., by
taking aggregate porosity into account in the porosity volume
fraction parameter Vtot e this approach was not implemented here.
As such, it is possible to estimate terminal water sorption from the
porosity of the material. Of course, the results indicate that PCMs
diminish water sorption similar to other non-porous inclusions, an
effect that is caused on account of dilution of the cement paste
content.

3.3. Unrestrained drying shrinkage of cementitious composites
containing PCMs

Fig. 9 shows the drying shrinkage strain (S, m 3) of cementitious



Fig. 8. The maximumwater intake at infinite time (Imax) as a function of total porosity,
Vtot calculated using Powers model [48].
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composites containing PCM and/or quartz inclusions as a function
of time, for w/c ¼ 0.45. For both quartz mortars and mixed mortars
(i.e., those containing both quartz and PCM inclusions), increasing
the quartz volume fraction reduced drying shrinkage, since stiff
inclusions restrain the shrinkage of the paste [12]. The dosage of
microencapsulated PCM inclusions resulted in no change in
shrinkage, vis-�a-vis the plain cement paste. This is because the soft
PCM inclusions, due to their compliant nature, are unable to
restrain the shrinkage of the cement paste upon drying. This is
supported by the observation that, when PCM and quartz in-
clusions were dosed together, the measured shrinkage response
was similar to that expected for a mixture containing only quartz
inclusions.

To better understand the trends in shrinkage, and the influence
of the inclusion properties, the model of Hobbs developed for two-
component composites (i.e., matrix þ inclusion) was applied to
predict the shrinkage of the composite [29,52]. This model is
expressed as [29],

Smþi ¼ Sm � 2KiðSm � SiÞfi

Ki þ Km þ ðKi � KmÞfi
with Kj ¼

Ej
3
�
1� 2yj

�
(6)

where Sj, Kj, Ej, and yj are the shrinkage strain, bulk modulus,
modulus of elasticity, and Poisson's ratio of component j of volume
fraction fj, respectively. Here, the subscripts m þ i, m, and i refer to
the two-component composite, the matrix (cement paste), and the
inclusions (PCM or quartz), respectively. The shrinkage of PCM
microcapsules was assumed to be near-equivalent to that of the
cement paste, and quartz was assumed to be non-shrinking [12],
Therefore the shrinkage ratio of quartz and PCM inclusions in
relation to cement paste are taken as: SQ/Sm¼ 0.01 and SP/Sm¼ 0.99.
The bulk modulus of the cement paste was calculated: (i) from
measured data of its modulus of elasticity Em ¼ 9.58 GPa, 13.48 GPa,
15.65 GPa, and 16.75 GPa [52] at ages of 1, 3, 7, and 28 days,
respectively and (ii) assuming its Poisson's ratio to be ym ¼ 0.2 [53].
The modulus of elasticity and Poisson's ratio of the micro-
encapsulated PCM and quartz inclusions were estimated based on
literature data as: EP¼ 0.0557 GPa, yP¼ 0.499 [54], and EQ¼ 72 GPa,
yQ ¼ 0.22 [55], respectively. The Hobbs model assumes the
following: (i) the cementitious composites consist of only two
phases (i.e., inclusion particles dispersed in a continuous cement
paste matrix), (ii) the inclusions and cement paste matrix are
elastic, and (iii) the elastic properties of the components do not
change with shrinkage.

For three-component systems (PCM
microcapsules þ quartz þ cement paste), a two-step approach was
applied to calculate the shrinkage strain via the Hobbs model. In
this approach, the PCM and cement paste were treated as a ho-
mogeneous matrix into which quartz inclusions were embedded.
The effective modulus of elasticity of the cement paste embedded
with PCMs was computed using Hobbs model (for modulus of
elasticity) as [29],

EmþP ¼
ð1� 2ymþPÞ

�
1� 4P

1�4Q

�
Em

ð1� 2ymÞ
�
1þ 4P

1�4Q

� (7)

where EmþP is the effective modulus of elasticity of the pasteþ PCM
composite, and Em and EP are the moduli of elasticity of the cement
paste matrix and microencapsulated PCM, respectively. The corre-
sponding effective Poisson's ratio of the composite, ymþP was
calculated based on the Reuss-Voigt-Hill average [56] as,

ymþP ¼
2
4�yP fP

1� fQ
þ ym

fm

1� fQ

�
þ
0
@ yPym

yP
fm

1�fQ
þ ym

fP
1�fQ

1
A
3
5,2

(8)

It should be noted that Hobbs model noted in Equation (7) was
derived for a case of considerable mismatch between the Poisson's
ratios of the components, and assumed that inclusions had a
negligible modulus of elasticity compared to that of the matrix
(such that Ei z 0, and Si/Sm z 1). As such, instead of homogenizing
quartz and cement paste as the matrix, quartz was treated as in-
clusion and embedded into a matrix composed of PCM microcap-
sules and cement paste. The effective modulus of elasticity EmþP

and Poisson's ratio ymþP of the homogenized PCM þ cement paste
composite were used to calculate its effective bulk modulus (KmþP).
This served as an input in Equation (6) for Km while the quartz
particles were treated as rigid inclusions. Based on these guidelines,
the drying shrinkage of a three-component composite, SmþPþQ, was
predicted as,

SmþPþQ

SmþP
¼ 1�

2EQfQ

1�2yQ

�
1� SQ

SmþP

�
EQ

1�2yQ
þ EmþP

1�2ymþP
þ
�

EQ
1�2yQ

� EmþP
1�2ymþP

�
fQ

(9)

where SmþP was obtained as a function of Sm by Equation (6). Fig. 10
shows themeasured and predicted shrinkage strains of PCM and/or
quartz containing composites normalized by that of plain paste
shrinkage, Sm, after 28 days of drying. It is noted that Hobbs model
can accurately predict the shrinkage of composites containing both
stiff, and/or compliant inclusions. The results indicate that, broadly,
PCMs do not restrain paste shrinkage, and fulfill a role similar to air-
voids (i.e., in the context of shrinkage) in the system. This is sig-
nificant as while PCM microcapsules do not reduce shrinkage, in
spite of the effects of dilution (i.e., a reduction in paste content),
when dosed with quartz inclusions, only the latter serve as a
shrinkage restraining agent. Nevertheless, since PCMs are expected
to be dosed as replacement of fine mineral aggregates, the overall



Fig. 9. Shrinkage plotted against the drying time for samples containing different volume fractions of PCM and/or quartz.
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shrinkage that develops can be adjusted by the dosage of stiff in-
clusions present in the mixture.

It is worth pointing out that in practical applications the effect of
temperature cycling on the expansion and shrinkage of the PCM
capsules may be relevant. While it is well known that thermal
expansion and shrinkage of the PCM's paraffin core is much higher
than that of the MF shell, typically, the PCM capsules are only
partially filled with core material to account for the thermal
expansion mismatch of the core and shell components. In fact,
other research has revealed that the effective coefficient of thermal
expansion of the PCMmicrocapsules (coreþ shell) is similar to that
of the encapsulation (shell) material [57]. Since the coefficient of
thermal expansion of the shell is on the same order as that of the
cement paste matrix, this ensures that no damage would occur at
the interface between the cement paste and the microcapsules
when temperature changes e more so since the shell is around an
order of magnitude less stiff than the cement paste matrix. As such,
the addition of microencapsulated PCMs is expected to exert no
detrimental effect on volume changes of cementitious composites.
Fig. 10. A comparison of measured and modeled drying shrinkage data of all cementitious m
4. Summary and conclusions

This study has investigated how the dosage of micro-
encapsulated PCMs influences the durability of cementitious ma-
terials. It is noted that, while PCMs remain unaffected in alkaline
solutions, they experience a significant enthalpy reduction, on the
order of 25%, when exposed to sulfate-bearing environments. The
mechanism of such enthalpy reduction was identified as hydrolysis
of the melamine-formaldehyde PCM capsule followed by its reac-
tion with sulfate ions to form a melamine-sulfate supramolecular
crystal. These reactions result in shell rupture following which the
paraffinic PCM core too contacts sulfate ions, resulting in enthalpy
reduction. With regards to water sorption, PCMs serve as a non-
sorptive inclusion similar to graded quartz sand. Therefore,
increasing the volume fraction of either inclusion reduced the
volume of water sorbed, and the rate of water sorption. These ef-
fects, especially the extent of terminal water sorption, can be
estimated for the case of non-sorptive inclusions using Powers'
model [49]. Furthermore, the drying shrinkage of cementitious
composites was essentially unaltered by the presence of PCMs, as
such compliant inclusions are unable to offer any resistance to the
ixtures after 28 days of drying, normalized by shrinkage of plain paste with w/c ¼ 0.45.
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cement paste's shrinkage. On the other hand, stiff quartz inclusions
reduced shrinkage significantly e due to the effects of aggregate
restraint. The model of Hobbs is able to properly capture the effects
of both, inclusion stiffness and volume fraction, providing a means
to estimate the shrinkage of cementitious composites containing
such inclusions. In general, it is noted that, while PCMs may
themselves be detrimentally impacted in sulfate-containing
cementitious environments, they do not in any way detrimentally
impact the durability of cementitious composites in which they are
embedded.
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