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viscosity of geopolymer mortars increases relatively slowly during due to formation
of geopolymer precursors; at longer times, there is a steeper viscosity rise caused by
the development of a 3D-geopolymer network. Disruption of agglomerates causes
the viscosities of portland cement mortars to decrease during the first few minutes,
after which the hydration process (increasing viscosities) competes with shear-in-
duced disruption of the structures (decreasing viscosities), resulting in a complex

viscosity behavior.
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1 | INTRODUCTION alkaline solution such as sodium hydroxide or sodium sili-
cate.” Geopolymers have a high potential as substitutes for
Geopolymers are synthesized by reaction of amorphous alu- Portland cement due to better performance and an environ-

minosilicates, for example, fly ash or slag, with a concentrated ~ mentally friendly profile.
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Phase change materials (PCMs) are very useful for ther-
mal energy storage. When the temperature is higher than
melting point of the PCM, the excess heat is absorbed by
melting the PCM. When the temperature decreases, the heat
is released into the environment by solidifying the PCM.?
There are, however, several disadvantages to utilizing bulk
quantities of PCMs, such as low thermal conductivity, solid-
ification only around the edges, and reduced heat transfer.*>
By encapsulating the PCM in microcapsules, it is possible
to prevent both leakage of the PCM and interaction between
the PCM and building materials. In addition, microencap-
sulation improves the heat transfer area, and the microcap-
sules can withstand volume change during phase change.6
Microencapsulated phase change materials (MPCMs) there-
fore provide an efficient method for storing thermal energy,
utilizing the relatively large surface area and high latent
heat. Incorporation of MPCMs into building materials, such
as mortar and concrete, can improve the energy storage
capacity and thereby reduce indoor temperature fluctua-
tions and save energy.7’8’9’10 Previous results illustrate that
the MPCMs utilized in the current study are efficient for
reducing the energy needed to keep a comfortable indoor
temperature,”!' 11213

Unfortunately, there is a decline in the compressive
strength of concrete with the addition of MPCM, 1214151617
This is reported to be a combination of several factors: (a)
the MPCM particles are softer than to the other solids in the
16,17 (b) the addition of MPCM causes more air voids
to be formed within the matrix,'*!'* and (c) air gaps is formed
between MPCM and the surrounding matrix.'*'” In addition,
the workability of concrete becomes poorer with the addi-
tion of MPCM due to water adsorbing onto the microcap-
sules, which decreases the available water in the samples and
causes lower slump values.'>!3

Rheological characterization is required to examine the
early age properties of building materials such as workability,
consistency, and flow behavior, which are important for cast-
ing and rnolding.19 There are several studies regarding the
rheological behavior of geopolymer and Portland cement mix-
tures combined with small particles such as nanosilica,2**!"*
nalnoclays,21’23 limestone,24 graphene oxide,25 26 carbon
nanotubes,27 rubbers,zg’29 as well as various fibers*>*"*? and
aggregates.33 The overall picture is that adding small parti-
cles to geopolymer or Portland cement mixtures affect the
rheological properties in different ways, depending on the
size, shape, and surface properties of the particles, as well as
whether they interact physically or chemically with any of the
other components in the composite.

There are very few studies examining how the rheology
of geopolymers or Portland cement composites is affected
by MPCM addition. ' !8:3435:36 Mgt previous studies
only measure slump, which generally show that MPCM
addition increase the water demand to obtain a constant

mixture,

slump value,>** or analogously that adding microcap-

sules decrease the slump.ls’lg’36 More thorough rheologi-
cal investigations utilizing rheometers or viscosimeters are
scarce.’>*® Shear rate dependencies of Portland cement
paste containing MPCM has been examined, and it was
found that the pastes went from shear thinning to shear
thickening behavior when the amount of superplasticizer
was increased.*® The time-dependent viscosities of geo-
polymer pastes containing three different MPCMs have
been studied at a constant shear rate.*® It was found that at
the start of the reaction, there was a slow viscosity increase
due to the formation of geopolymer precursors, and that
these precursors formed faster in the presence of MPCM.
At longer times, there was a steeper viscosity increase due
to geopolymer formation, which was slowed down with
MPCM addition. There are, however, no previous studies
of shear rate dependencies or the time development of vis-
cosities of either Portland cement mortars (PMs) of geo-
polymer mortars (GMs).

The non-Newtonian rheological behavior of fresh con-
structing materials has been studied in the past decades.”’
However, the description of the flow behavior by current
models does not address the time dependence of these ma-
terials.*® There is a lack of models describing the time de-
pendency of the viscosities of mortars that exhibit complex
viscosity changes. In addition, few experimental studies have
explored this problem.39

It is therefore interesting to investigate how the MPCM
can affect the viscosity of mortars. Since different types of
MPCM may not have the same influence on the viscosity, two
kinds of MPCMs with hydrophobic and hydrophilic shells
were compared. In addition, the MPCM concentration was
varied (replacing 0-20 vol% of the sand). Both the shear rate
dependency of the viscosities of mortars shortly after mixing
and the development of the viscosities over time has been
explored. A double Carreau model has been used to describe
the shear rate dependency of the viscosities. New empirical
equations have been developed to quantify the time-depen-
dent changes of the viscosities and the reaction kinetics.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials

The materials used in GM were class F fly ash (den-
sity = 2.26 + 0.02 g/cm3) and ground granulated blast
furnace slag (density = 2.85 + 0.02 g/cm®) as geopolymer
binder, sodium hydroxide pellets (density = 2.13 g/cm3)
and sodium silicate solution (density = 1.93 g/cm3, 35 wt%
solid) as the alkaline solution. The composition of the fly
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Alkaline Fly ash Slag Extra Sand MPCM
solution (g) (2) (€3) water (g) (2) (®
72.68 109 72.68 27.25 316.56 0

72.68 109 72.68 27.25 300.73 5.48
72.68 109 72.68 27.25 284.91 10.96
72.68 109 72.68 27.25 269.08 16.43
72.68 109 72.68 27.25 253.25 21.92

Note: The MPCM percentages indicate the volume of sand replaced by MPCM

TABLE 1 Mix design of geopolymer
mortar MPCM (vol%)
0
5
10
15
20
TABLE 2 Mix design of portland cement mortar
MPCM Cement Water Sand MPCM
(vol%) (2 (€] (€] (2
0 181.68 87.21 331.13 0
5 181.68 87.21 314.58 5.73
10 181.68 87.21 298.02 11.46
15 181.68 87.21 281.47 17.19
20 181.68 87.21 264.91 22.92

Note: The MPCM percentages indicate the volume of sand replaced by MPCM.

ash class F (FA) is 50.83 wt% SiO,, 23.15 wt% Al,O5, and
6.873 wt% CaO. The ground granulated blast furnace slag
(GGBFS) consists of 34.51 wt% SiO,, 10.3 wt% Al,0;, and
42.84 wt% CaO. For the preparation of PM, Portland cement
II mixed with FA (density = 3.0 g/cm3) was utilized. The
main components of the Portland cement/fly ash mixture
are 53.9 wt% Ca0, 21.9 wt% SiO,, 6.7 wt% Al,05, 5.2 wt%
Fe,03, 4.2 wt% SO3, 2.6 wt % CO,, 1.5 wt% MgO, and 1.2
wt % K,O. The same CEN-Standard sand EN 196-1 (den-
sity = 2.6 g/cm3) was used for GM and PM. Two chemi-
cal admixtures, FLUBE OS 39 (density of 1.20 g/cm3) and
Dynamon SR-N (density of 1.1 g/cm®) were used for GMs
and PMs, respectively.

Two different MPCMs were utilized. Both PE-EVA-
PCM and St-DVB-PCM are composed of a paraffin
Rubitherm®RT27 core coated with a copolymer shell. PE-
EVA-PCM has a relatively hydrophilic shell consisting of
low-density polyethylene (LDPE) and ethylvinylacetate
(EVA).* The hydrophobic shell of St-DVB-PCM contains
styrene (St) and divinylbenzene (DVB).6 PE-EVA-PCM and
St-DVB-PCM have been found to adsorb 1.75 and 0.7 grams
of water per mL MCPCM, respectively.18

2.2 | Size distributions

The particle size distribution of FA, GGBFS, cement, and
MPCMs were determined by low angle laser light scattering
laser diffraction (Malvern Mastersizer 2000). The size distri-
bution of the sand was provided by the manufacturer.

2.3 | Mixing methods

For GMs, an alkaline solution with a sodium silicate solu-
tion to sodium hydroxide solution (14 mol/L) ratio of 1.5 was
prepared 1 day in advance to ensure complete dissolution of
NaOH pellets and to lose the exothermic reaction heat.

To achieve the same initial workability and fluidity of GMs
and PMs, a flow table machine was used to determine the ratio
of alkaline solution to geopolymer solids and water to cement
(w/c) for GMs and PMs mix designs, respectively. In order to
gain a better consistency for both mortars, a low dosage (1 wt%
of binder) of two different chemical admixtures (FLUBE OS
39 and Dynamon SR-N) were utilized. The required amounts
of MPCM in mortar mixtures were determined by its volume
percentage and replaced a certain percentage of the sand.

For GMs, geopolymer binder (fly ash + slag), alkaline
solution, and extra water were mixed together for 1 minute.
After 30 seconds resting, sand, MPCMs, and chemical ad-
mixture were added and mixed for 2 minutes to achieve a ho-
mogeneous mortar. For PMs, cement, sand, and water were
mixed for 1 minute. After 30 seconds resting, MPCMs and
chemical admixture were introduced, and mixing was contin-
ued for 2 minutes. Accordingly, for GM without MPCMs, a
total amount of liquid (alkaline solution + extra water) to geo-
polymer binder ratio of 0.55 was selected whereas a w/c ratio
of 0.48 was chosen for PM without MPCMs. The mix designs
of GMs and PMs are shown in Tables 1 and 2, respectively.

2.4 | Characterization of microcapsules

Figure 1 shows images and Figure 2 particle size distributions
of the solid components of mortars, to illustrate the differences
in shape and size. While St-DVB-PCM have a spherical shape
(Figure 1B), PE-EVA-PCM exhibits a more uneven structure
(Figure 1A). In addition, St-DVB-PCM is somewhat smaller
and seems to have a narrower size distribution than PE-EVA-
PCM (Figure 2). The sand is nonspherical (Figure 1C,D) and
much larger than the microcapsules (Figure 2). Accordingly,
replacing some of the sand with microcapsules results in a
sample with a smaller size distribution. The slag, fly ash, and
Portland cement have quite wide size distributions, where most
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of the particles are smaller than the microcapsules (Figure 2).
Fly ash particles are mostly spherical (Figure 1E), while the
slag has an irregular shape with sharp edges (Figure 1F);
Portland cement has an uneven shape (Figure 1G).

2.5 | Rheological measurements

Rheological measurements were carried out using an Anton
Paar MCR302 rheometer (Austria) at 20.0°C. The samples

FIGURE 1 A, SEM image of PE-
EVA-PCM, (B) SEM image of St-DVB-
PCM, (C) microscope image of the sand,
(D) picture of the sand (the mm-paper in
the background provides a size reference),
(E) SEM image of fly ash, (F) SEM
image of slag, (G) SEM image of Portland
cement

were tested using a BMC-90 (building materials cell) measur-
ing system (cup diameter: 74 mm; stirrer ST59-2V-44.3/120,
diameter: 59 mm) mounted in a cylindrical Peltier system for
temperature control. As illustrated in Figure 3, the cylinder
walls are specially designed to avoid slippage, and the stir-
rer is designed for these kinds of building materials. After
mixing, the mixture was loaded into the rheometer measur-
ing cell. Great care was taken to ensure that the measure-
ments of all samples were conducted at the same time after
initiating the mixing of the components. The sample was first
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FIGURE 2 Particle size distributions of the solid components

FIGURE 3 Measuring system for the rheological experiments

left in the cell for 1 minute at a shear of 1 s™'. After this, a
pre-shear of 50 s was applied for 30 seconds, followed by
1 ™" for 30 seconds to ensure that the samples have the same
the shear history. The high accuracy of the rheometer allows
measurements even at very low shear rates. For the shear
rate—dependent measurements, the samples were therefore
measured from 10 s~ to 100 s~ using a logarithmic ramp
with 1 second per data point and 61 data points. Since the
reactions continue during the measurements, the total time of
the shear rate sweep was kept at only 61 seconds to minimize

Jjournal |-
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any reaction-induced changes to the samples during measure-
ments. For the time-dependent measurements, the samples
were measured at a constant shear rate of 1 s~ or 10 s™! with
1 second per data point for 2000 seconds or until the samples
became too viscous for measurements.

2.6 | Analysis of shear rate dependent
viscosities

Several models have been used to describe non-Newtonian
behavior. #2444 Ror construction materials, models
such as Power law (Ostwald—deWaele),36’44‘45 Bingham and
modified Bingham,“’44’45’46’47 Herschel—Bulkley,43"m’45’47
Casson P44 Gicko 8454 De  Kee Y
Carreau® %4 (and many more) have been utilized. The
Carreau model®® has previously been shown to give the best
prediction of non-Newtonian fluids of suspended solids.*
However, the mortars examined in the current study reveal
a more complex behavior. As seen in Figure 4, the samples
have a Newtonian plateau at low shear rates followed by a
shear thinning region. At intermediate shear rates, there is a
new plateau before a new shear thinning region is observed
at high shear rates. Since the experimental data cannot be fit-
ted by a single Carreau model, the shear rate (y)—dependent
viscosities (1) are fitted to a sum of two Carreau models:

and

ny=1

. 2 2
n @)= (no—n,) 1+<.1>
Y1

6]

ny—1

. 2 2
+(1,~ 1) 1+(.l> +1lgs
72

102 3

Viscosity (Pas)

100 il ! e | MRS | R RS ] LIS | DR | pIR S, |
10 10° 102 107 10° 10! 102
Shear rate (s™)

FIGURE 4 Example of the shear rate dependent viscosities. The
symbols are the measured data, and the line is fitted by Equation 1.
Some of the fitted parameters are illustrated in the figure
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where 7, is the zero shear viscosity, 7, is the viscosity at the
plateau region at intermediate shear rates, 7, is the viscosity
at infinite shear rates, y, and y, are, respectively, the shear rates
where the first and second shear thinning regions starts, and
n; and n, are the flow behavior indexes of the first and second
shear thinning regions, respectively. Some of the fitted parame-
ters are illustrated in Figure 4. As shown in Figure 4, Equation
1 provides a good fit to the experimental data.

2.7 | Analysis of time-dependent viscosities

In order to gain quantified data for comparing the different
samples, the time-dependent viscosities were analyzed by
fitting to empirical equations. GM exhibits a linear increase
in the lin-log plot at short times (Figure 5A), indicative of
an exponential increase. Accordingly, this part of the curve
can be fitted to n(t) = neexpllt], where t is the time, 7,y is

(A) Geopolymer mortar
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FIGURE 5 [Illustration of the fitting parameters. The red lines
show the fitted curves (Equation 3 in (A) and Equation 5 in (B and C)).
The blue lines are the contributions from the first part of the function,
the green lines show the contributions from the second part of the
functions, and the yellow lines show the contribution from the third
part of the functions. Some of the fitted parameters are indicated in the
figure

the viscosity at zero time, and I"; shows how fast the viscos-
ity is rising. At longer times, a faster upturn of the curve is
observed. Empirically this rise could be fitted by a stretched
exponential (exp[(t/TGM)ﬁ]), where 7g); indicates the time
where this rise starts to become significant and the exponent
p describes how fast the curve is rising. There is a transi-
tion region where both these two effects are influencing the
curve. After the transition time, s;, the initial exponential
increase is no longer influencing the viscosity curve. A new
single exponential increase (linear in the lin-log figure) is
observed at even longer times after the second transition
time, s,. This part of the curve can therefore be fitted to
n=ny eii:’[[r S]], where 7, is the viscosity at the point where this
part of the curve starts at the time s,. I, shows how fast the
viscosity is rising at this stage, and the term exp[/,s,] has to
be included since this exponential increase does not start at
zero time. Accordingly, the time (t)-dependent viscosities of
GM can be described within the three regimes as:

s
1<s;<s, n(t):ntoexp[l“lt]+exp <TL> -1 (2a)
GM

B
§;<t<s, n()=n, +exp <TL> -1 (@b
oM

exp [F2 t]

(20)
exp [Fzsz]

$1<s; <t n@®=n,

where 7, =1, exp [F] sl] and "2 =51 +€Xp [(;—wy] =1 In order
to avoid influence of the stretched exponential at short times
“-1” is included in Equations 2a and 2b (the stretch exponen-
tial goes toward 1 when the time goes toward zero). Combining
these equations, the whole viscosity curves were fitted to:

n(O=[ngexp [Ty (s,=0.5 [s; —1+]s; =[] )]

—0.5 [s,—1+|s, —1]]
+exp o -1 3)

exp [T (s,40.5 [t—s5,+ s, —1]])]
exp [Fzsz]

which reduces to Equation 2a, 2b, and 2c within their respec-
tive regions. Some of the fitted parameters are illustrated in
Figure 5A.

Portland cement mortar exhibits an initial decrease of the
viscosity at short times (Figure 5B). As for the initial rise of
GM curves, this can be described by #(t) = n,expl/t], where
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a negative value of I"; indicates that the curve is decreasing.
After this, there is a gradual increase toward a plateau value.
This part of the curve was found to fit well to An(1-exp(-
(t/pp))), where Ap is the increase of viscosity during this
transition and 7py; is the transition time in the middle of the
transition region (see Figure 5B). As for GM, the last part
of the curve is linear in the lin-log plot and can be described
by n ()= Mg ot °Xp[r”] . However, for PM, this part of the curve is
declining for s some of the samples, giving a negative value of
I',. Accordingly, the time-dependent viscosities of PM can be
described within the three regimes as:

t<s; <s, n(®)=ngexp [[1]+An—Anexp [— <TL>] (4a)
PM

s <t<s, n(t)=n,+An—Aqexp [— (%)] (4b)
PM

exp [[y]
exp [Fzsz]
where ny =nexp [[ys;] and g, =y, +An-Anexp [_ (L)]

Combining these equations, the whole viscosity curves were
fitted to:

$p<s; <t n(O=1y (40)

n (@)= [moexp [} (s;—0.5 [s; —t+|s; —1]])] +An

s e

y lexp 75 (s,+0.5 [f—S2+|S2_t|])]]

exp [F2s2]

I_U
Amenmn Leramm Souety

which reduces to Equation 4a, 4b and 4c within their respec-
tive regions. Some of the fitted parameters are illustrated in
Figure 5B.

For some PMs, the viscosities of the second region were
found decrease instead of increase (Figure 5C). They can still
be fitted with the same equation, giving negative values for
An to indicate the decrease. However, these curves had to be
fitted without the first decline of Equation 4a, to avoid over-
parameterization of the fitting procedure.

3 | RESULTS AND DISCUSSION

3.1 | Shear rate-dependent viscosities

Figure 6 shows the shear rate dependency of mortars. The
MPCM is added by replacing the same volume of sand,
thereby keeping the solid volume constant. The solid content
is also similar for GM and PM. All mortars are shear thinning,
with a small plateau at intermediate shear rates. The shear
thinning behavior illustrates that there are structures within
mortars that can be broken down by shear forces. Some of
these structures are easily broken down even with low shear
rates, indicating weak forces between the components. When
all of these structures are disrupted, the viscosities flatten out
in a plateau region. However, when the shear rates become
sufficiently high, the shear forces can disrupt stronger ag-
glomerates, and a new shear thinning region is observed. The
addition of PE-EVA-PCM to mortars significantly increases
the viscosities (Figure 6A,C). This is probably due to the
high quantities of water adsorbed onto PE-EVA-PCM com-
pared to the sand it replaces.18 The viscosities of suspensions

increase when the solid content becomes higher.51’52’53’54
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Accordingly, effectively removing some of the water by
adsorption onto the particles causes the viscosity to rise. St-
DVB-PCM is very hydrophobic and adsorbs much less water
than PE-EVA-PCM.'® The viscosities of mortars are there-
fore only slightly affected by the addition of St-DVB-PCM
(Figure 6B,D).

In order to quantify the shear rate dependency of the vis-
cosities, the data were fitted by Equation 1. In the absence
of MPCM, GM has a higher zero shear viscosity (17,) than
PM (Figure 7A). This suggests that the workability of the
geopolymer is poorer than the Portland cement, which is in
agreement with previous findings."” The higher initial vis-
cosity of geopolymers compared to Portland cement has been
attributed to the larger viscosities of the sodium silicate and
sodium hydroxide solutions utilized in the geopolymer rec-
ipe.55 The zero shear viscosity only exhibits a small increase
when St-DVB-PCM is added to mortars, while PE-EVA-
PCM significantly increases the zero shear viscosity due to
its higher water adsorption.'®

Interestingly, as shown in Figure 7B, the viscosities at
the plateau region (17,,) are higher for PM than for GM (the
opposite trend of 7). This illustrates that there are less

interactions that are broken down in the low shear rate re-
gime for PMs. 7, increases strongly when the concentra-
tion of PE-EVA-PCM is raised. As discussed above, this
viscosity increase is probably caused by adsorption of sig-
nificant amounts of water onto the PE-EVA-PCM micro-
capsules.18 The more hydrophobic St-DVB-PCM adsorbs
smaller amounts of water, resulting in a more moderate
increase of 7,

At high shear rates, the viscosities approach 7,
(Figure 7C). No significant differences between the samples
are observed in this region. The solid content is nearly the
same for all samples, and when the associative interactions
are disrupted by high shear forces this causes the viscosities
to approach the same values. The minor differences in size
distributions are not enough to significantly affect the viscos-
ities at very high shear rates.

The shear rate at which the Newtonian region ends and the
first shear thinning regime begin () is approximately a de-
cade lower for GM than PM (Figure 7D). In agreement with
what was observed for Mps this shows that the structures in GM
are more easily broken down by low shear rates. Interestingly,
the addition of MPCM increases 7, of GM while the values
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decline for PM. For GM, this effect is most pronounced for
PE-EVA-PCM, suggesting that the reduction of available
water within these samples strengthen the interactions be-
tween the components. As a result, higher shear forces are
needed to break apart the loosely connected structures. The
addition of MPCMs decreases 7, of PM, suggesting that the
amount free water available in the samples is not the main
mechanism responsible for the change in y,. These findings
can be explained by the possibility that portland cement has
stronger interactions with sand than with the MPCM.

The shear rate where the second shear thinning regime
begins 7, is also lowest for GM, although the differences in
7, are moderate (Figure 7E). The structures broken apart at
these higher shear rates are much stronger that the struc-
tures which is disrupted at low shear rates. While shear
thinning at low shear rates might indicate loosely floc-
culated structures, the ability to withstand much stronger
shear forces before the viscosity is reduced suggest more

FIGURE 8 Time development of the
viscosity of geopolymer mortar containing
PE-EVA-PCM at a shear rates of (A) 1
s™'and (B) 10 s™", geopolymer mortar
containing St-DVB-PCM at a shear rates of
)1 s~ and (D) 10 s~!, Portland cement
mortar containing PE-EVA-PCM at a shear
rates of (E) 1 s~ and (F) 10 s~!, Portland
cement mortar containing St-DVB-PCM

at a shear rates of (G) 1 s and (H) 10 s,
Every 20" data point is shown
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compact agglomerates. For both GM and PM, the addition
of microcapsules shifts this transition shear rate to higher
values. This effect is stronger for PE-EVA-PCM, illustrat-
ing that the reduced amount of free water in the samples is
a major contributor to this effect.

The flow behavior indexes (n; and n,) show how strongly
shear thinning the samples are. A value of 1 indicates no
shear thinning, and decreasing values toward zero shows
stronger shear thinning (values higher than 1 indicate shear
thickening). Figure 7F shows that the first shear thinning
regime is strongly shear thinning for all samples. The sec-
ond shear thinning regime at higher shear rates (Figure 7G)
is also strongly shear thinning for PM, while GM exhibit a
more moderate shear tinning at this stage. There are no clear
effects of MPCM addition on the flow behavior indexes. This
indicates that the contribution of the microcapsules in the
structures that are broken down by the shear is neglectable in
this MPCM concentration range.
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Time-dependent viscosities

In order to explore the time evolution of the viscosities dur-
ing the geopolymer and condensation reactions, the samples
were measured as a function of time at two different shear
rates (1 s~ and 10 s™!). When looking at the time-dependent
viscosities, it can be helpful to keep in mind that the geopoly-
merization process consists of two steps: geopolymer precur-
sors are first formed, after which the 3D geopolymer network
is developed from these precursors.%’57 Portland cement nor-
mally undergoes a stage of early cement hydration, followed
by a relatively dormant induction period before the main hy-
dration process at later times.”®> Accordingly, as can be seen
from Figure 8, the time-dependent viscosities of GM and PM
behaves very differently. In agreement with Figure 6, PE-
EVA-PCM (with a hydrophilic shell) affects the rheological
behavior much more than St-DVB-PCM (with a hydrophobic
shell).

Unlike GM, PM exhibits a significant amount of noise in
the data. In Figure 8, this is most evident for the samples
containing St-DVB-PCM. However, a magnification of the
data shows that the scattering of the data points also occurs
for PE-EVA-PCM. This kind of fluctuating viscosity values
are typical for systems where the buildup of larger structures
over time is competing with the shear-induced breakup of the
Accordingly, the shear forces of 1 s and
10 s™! are breaking down the formation of large structures
in Portland cement, thereby slowing down the reaction. The
viscosities of the Portland cement are therefore increasing
very little during the measurements, and at the highest shear
rate the samples containing PE-EVA-PCM actually exhibit a
viscosity decrease (which will be discussed in more details
in section 3.2.3 below). For GM, the viscosities are strongly

same structur 68.60

increasing over time, without any scattering of the data. This
illustrates that the geopolymer reaction products are strong
enough that the buildup of larger structures dominates over
the shear-induced disruption. To explore the differences be-
tween the samples in more detail, we have developed two em-
pirical equations (Equation 3 and Equation 5) to quantify the
time-dependent viscosity changes of the samples.

3.2.1 | [Initial viscosity

As shown in Figure 9A,B, the viscosity at the start of the
reaction (7,4) is lower for GM than for PM, since the initial
GM structure is more easily broken down by shear forces
than PM (see discussion in connection with Figure 7 above).
This is especially evident at the lowest shear rate (1 s™'),
since the initial viscosities of GM and PM are approach-
ing each other at high shear rates (Figure 7C). Since St-
DVB-PCM adsorbs only slightly more water than the sand
it replaces,18 o 18 nearly constant when the concentration
of St-DVB-PCM is raised. PE-EVA-PCM contains some
polar groups and therefore adsorbs significantly more water
than the sand it replaces.18 The reduction of free water in
the samples causes 7, to become higher when PE-EVA-
PCM is added to mortars. Figure 9C,D show the normalized
viscosity, 7, (normalized with respect to the correspond-
ing samples without MPCM). Interestingly, the PE-EVA-
PCM-induced viscosity increase at the start of the reaction
is much more pronounced for GMs than for PMs. This
suggests that the viscosity of GMs is more affected by the
amount of free water than PMs. It is possible that GM has
a higher water demand, and therefore is more sensitive to a
further reduction of available water.

FIGURE 9
start of the measurements (7)) for (A)

Initial viscosity at the

geopolymer mortar and (B) Portland cement
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3.2.2 | First viscosity stage

During the first viscosity stage, the time-dependent viscosity
follows Equations 2a and 4a for GM and PM, respectively.
The rate of viscosity change during the first part of the reac-
tion (I";) is shown in Figure 10A,B. The viscosity of GM
(Figure 10A) increases at the start of the reaction (I} > 0).
This initial slow viscosity increase of geopolymers has been
contributed to the formation of geopolymer precursors.35
This increase is steeper at the lowest shear rate, which is ex-
pected since higher shear rates disrupt the reaction process.
The addition of PE-EVA-PCM to GM reduces ;. This in-
dicates that the microcapsules slow down the reaction rate,
which is in agreement with previous findings.18 The higher
viscosities are probably the main cause of the slower reac-
tion rates.'® At the highest shear rate, St-DVB-PCM has little
effect on I'; for GM. Similar results was also observed for
a geopolymer paste (without sand) at the same shear rate. >
However, at the lowest shear rate (1 s_l), St-DVB-PCM
causes I} of GM to increase, suggesting a faster reaction.
Since the addition of St-DVB-PCM only has a minor effect
on the initial viscosities (Figure 9A,C), viscosity changes are
not a major contributor to I';. However, St-DVB-PCM ad-
sorbs more water than the sand it replaces.18 The reduction
of free water in the sample may increase the concentration
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of the reactants in the liquid phase, thereby increasing the
reaction rate.*

The initial increase continues to contribute to the viscosity
curve until the time s; (see Figure 5A for illustration of s). As
shown in Figure 10C, s; for GMs is not significantly affected
by the MPCM concentration. The viscosity at the time s, (7,)
is shown in Figure 10E (see Figure SA for illustration of 7).
The highest shear rate clearly impedes the reaction, as 7, is
much higher for the low shear rate (the differences are much
less pronounced at the start of the reaction; Figure 9A).
becomes higher in the presence of microcapsules. This effect
is greatest for PE-EVA-PCM, which exhibits a higher water
adsorption that results in raised viscosities (as discussed
above). For St-DVB-PCM, the increased reaction rates are
contributing to the higher viscosities at this reaction time.

For PM (Figure 10B), the values of I'; are negative, in-
dicating that the viscosity is decreasing during the initial
stage. The viscosity reduction is probably due to the shear
forces disrupting agglomerates formed within the samples.
Ata shear rate of 10s™", the viscosity of the samples contain-
ing PE-EVA-PCM continues to decline after the initial stage
(Figure 8F). These curves were therefore fitted without the
first part of Equation 4a (and therefore without I';), to avoid
overparameterization of the fitting procedure. At the low
shear rate (1 s_l), the same samples did not exhibit any initial
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FIGURE 11
(tgm) for geopolymer mortar, (B) the

(A) The transition time

transition time (7)) for Portland cement
mortar, (C) the exponent f for geopolymer
mortar, (D) the viscosity change An for
Portland cement mortar. The values are
the results of fitting the data to Equation 3
(geopolymer mortar) and Equation 5
(Portland cement mortar)

decline (Figure 8E), and were therefore also fitted without the
first part of Equation 4a. The absence of an initial viscosity
reduction at low shear rates illustrate that the shear forces are
not strong enough to break apart the agglomerated structures.

The initial decrease stops at the time s; (see Figure 5B
for illustration of s;). As shown in Figure 10D, for PM s, is
occurring after just a few minutes. Accordingly, this viscosity
reduction is probably caused by the breakdown of agglomer-
ates already present in the samples before the reaction starts.
The viscosities at the time s; (7,;) are the minimum viscosi-
ties of the curves (see Figure 5B for illustration of 7). 7 is
much lower for the highest shear rate, since more agglomer-
ates can be broken apart by the stronger shear forces.

3.2.3 | Intermediate viscosity stage

During the intermediate viscosity stage, the time-dependent
viscosity follows Equations 2b and 4b for GM and PM, re-
spectively. The transition time 7gy (Figure 11A) shows
where the steeper viscosity increase starts for GMs (see
Figure 5A for illustration of z),). This steeper rise in vis-
cosity is caused by the formation of a 3D geopolymer net-
work.* The transition time is delayed when the shear rate is
increased (Figure 11A), since the higher shear forces impede
the reaction. At the lowest shear rate (1 s_l), there is very
little change in 7g,; when the microcapsule concentration is
raised. The addition of St-DVB-PCM at the higher shear rate
of 10 s~ does not significantly affect z5,;. However, at the
highest shear rate, 75y decreases for the samples containing
PE-EVA-PCM. Accordingly, the start of the formation of the
3D geopolymer network starts earlier although the formation
of the geopolymer precursors is slowed down (Figure 10A).

The main difference between adding the two types of mi-
crocapsules is that PE-EVA-PCM adsorbs much more water
than St-DVB-PCM."® The water adsorption causes a higher
effective concentration of the reactants in the liquid phase. It
is possible that the combination of a higher collision rate of
the reactants when the shear rate is raised and the increased
effective concentration of the geopolymer precursors causes
the observed decline of 7gy for PE-EVA-PCM at 10 5™

The exponent f for GMs (Figure 11C) is a measure of how
steep the upturn of the viscosity curve is during the interme-
diate stage. A higher value of f indicates a steeper rise of the
curves. Interestingly, at this intermediate stage the viscosity of
GMs has a steeper increase at the highest shear rate. Since the
higher shear rate shift the start of this regime to longer times
(Figure 11A), more geopolymer precursors might have time to
form although they are forming slower (Figure 10A). If more
precursors are present, the formation of the 3D geopolymer net-
work would be faster causing a higher value of . As for 7y,
the addition of St-DVB-PCM or PE-EVA-PCM at a low shear
rate does not significantly affect 5. However, at the high shear
rate (10s™), p clearly decreases when the concentration of PE-
EVA-PCM is raised. This is in agreement with the declining
values of both "} and 7y, of this sample. Since the geopolymer
precursors are formed more slowly (Figure 10A) and the start
of the formation of the 3D geopolymer network occurs earlier
(Figure 11C), less geopolymer precursors are present and the
formation of the 3D geopolymer network is therefore slower.

The transition time 7py; (Figure 11B) is the transition time
in the middle of the intermediate viscosity change of PM (see
Figure 5B,C for illustration of zpy,). This transition time goes
through a broad maximum when the microcapsule concentra-
tion is raised. An increased water content results in a higher
degree of cement hydration at long times.®"** However, during
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the early stages of the hydration process, a reduction in the w/c
ratio speeds up the cement hydration.*>**%* This has been con-
tributed to larger initial particle spacing for high w/c ratios,*
and a promotion of the dissolution of the anhydrous phase
due to a larger concentration of alkali ions in the water at low
wic ratios.%? Accordingly, the addition of water-adsorbing mi-
crocapsules can speed up the reaction rate at this stage of the
Portland cement reaction. In contrast, the increased viscosities
at high MPCM concentrations (Figure 8) might slow down the
reaction rates.>**%7 The observed variations in Tpy are prob-
ably a result of these competing mechanisms, combined with
the disrupting influence of the applied shear forces.

Figure 11D shows the viscosity change (Ar) of PM during
this intermediate stage (see Figure 5B,C for illustration of
An). The addition of St-DVB-PCM does not significantly af-
fect these values. For the samples containing St-DVB-PCM,
An is slightly higher at the lowest shear rate, since higher
shear rates disrupts the hydration reaction. At the lowest
shear rate, An is strongly increasing when PE-EVA-PCM
is added to PM. This is probably due to the faster hydra-
tion rate discussed above. At the highest shear rate, raising
the PE-EVA-PCM concentration causes Az to decline and
assume negative values, that is, the viscosity is decreasing
(Figure 8F). The high shear rates are breaking apart agglom-
erates within the samples. Since PE-EVA-PCM adsorbs

high amounts of water, the initial viscosities are increased
(Figure 8F). This indicates that there are more agglomerates
available for disruption when the PE-EVA-PCM concentra-
tion is raised. Accordingly, there are more structures present
that can be broken down by the high shear forces, causing the
observed decline of Ax toward more negative values.

3.24 | Final viscosity stage

During the final viscosity stage, the time-dependent viscos-
ity follows Eqa. 2c and 4c for GM and PM, respectively.
Figure 12A shows how fast the viscosity of GM is increasing
during the final stage. At this stage, the curves are actually
less steep than during the intermediate stage (Figure 5A). A
visual inspection of the samples revealed that the transition is
due to the creation of a split of the sample within the measur-
ing cell into an inner cylinder (surrounding the rotating stir-
rer) and an outer shell (stuck to the walls of the measuring
cylinder). This effect is only evident for the lowest shear rate
(1 s7), while the higher shear rate (10 s71) does not exhibit
this transition. The faster formation of a 3D geopolymer net-
work at 10 s™" (discussed above) probably prevents the sam-
ples from splitting into two different sections. Accordingly,
I, is mainly reflecting artefacts due to the split sample.
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The time s, (see Figure 5A for illustration of s,) illus-
trates the time when GM splits into an inner and an outer
cylinder (Figure 12C). There is no significant difference
between St-DVB-PCM and PE-EVA-PCM, but the split
seems to occur at earlier times when more microcapsules
are added to GM. The viscosities of GM when the sam-
ple splits, 7, (see Figure SA for illustration of 7,) is in-
dependent of MPCM concentration for PE-EVA-PCM
(Figure 12E). At low concentrations of St-DVB-PCM, 5,
is close to that of PE-EVA-PCM, while it is significantly
lower at higher concentrations. Accordingly, it seems like
the samples break when they reach a sufficiently high stress
(since the samples are measured at a constant shear rate, a
constant viscosity equals a constant stress (0); 6 =y#). This
might occur because the stirrer is no longer able to move
the sample that is outside the diameter of the stirrer. The
addition of high amounts of the hydrophobic St-DVB-PCM
shifts this fracturing viscosity and stress to lower values.
This is possibly due to poor interaction between these hy-
drophobic microcapsules and GM matrix.

Figure 12D shows the time, s,, where the transition to the
last stage occur for PM (see Figure 5B,C for illustration of
s,). Unlike GM, PM does not split, and the last stage reflects
a real effect of the samples. The transition time s, is probably
related to the onset of the induction period between the early
cement hydration and the main hydration reaction at later
times.”®*” The onset of the induction period is thought to be
related to a slow down of the dissolution process due to low
undersaturation.’®*° At the highest shear rate (10 s_l), there
is little effect on the transition time s, with MPCM addition.
In the absence of microcapsules, the transition time is shifted
to longer times when the shear rate is decreased. A higher
shear rate will contribute to disruption of agglomerates into

smaller entities, leading to a larger exposed surface area. The
dissolution process might therefore become faster at high
shear rates, causing low undersaturation at shorter times. The
addition of PE-EVA-PCM at a shear rate of 1 s™' causes S, to
decrease. This might be related to adsorption of water onto
the microcapsules, thereby causing a low undersaturation
at an earlier stage. Except for the highest concentration, St-
DVB-PCM (which adsorbs much less water than PE-EVA-
PCM) has little effect on s,.

I, for PM (Figure 12B) is a parameter that reflects how fast
the viscosity is growing (positive values) or decreasing (nega-
tive values) during the last stage of the viscosity measurements.
During the induction period, the cement hydration is progress-
ing very slowly, which is the reason for the very slow viscosity
increase even under a low shear rate. At the highest shear rate
(10 57, the viscosity is decreasing, indicating that the shear
rate is high enough to break apart structures within the samples
faster than the hydration reaction can build up new structures.

Figure 12F shows the viscosity, 7y, at the transition
point (see Figure 5B,C for illustration of 7). 7, is inde-
pendent of the addition of St-DVB-PCM, but increasing
with PE-EVA-PCM concentration. This is probably due
to the adsorption of water onto the PE-EVA-PCM parti-
cles. In addition, n, is lower for the higher shear rate, since
higher shear rates will break apart agglomerates within the
samples.

3.2.5 | Viscosities after 15 minutes

After 15 minutes, the viscosities of GMs have increased con-
siderably, while PMs are still relatively close to the original
values (Figure 13). This might indicate that the employed
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shear rates are having a stronger disrupting effect on the
Portland cement reactions than on the geopolymer reaction
rate. However, it could also reflect that the viscosity develop-
ment of PMs is slower than GMs. It is known that the setting
time of Portland cement paste is much slower than geo-
polymer paste,”® and accordingly it is reasonable to assume
that the viscosity development could also be much slower.
Figure 13C,D depicts the viscosities after 15 minutes normal-
ized with respect to the corresponding values at the start of
the reaction (175,in/10), 11lustrating how much the viscosities
change during the first 15 minutes of reaction. In the absence
of microcapsules, the viscosity of GMs increases more at the
lowest shear rate, since higher shear forces will impede the
reaction.

While St-DVB-PCM do not seem to affect the viscosity in-
crease of GM after 15 minutes when measured at a shear rate
of 10 s™', the same samples increase sharply with St-DVB-
PCM concentration when the measurements are conducted at
a lower shear rate of 157! (Figure 13C). This suggests that
St-DVB-PCM speeds up the geopolymer reaction rate, but
this effect is suppressed when the samples are subjected to
sufficiently high shear forces. The geopolymer reaction is a
two-step process. First, the aluminosilicates react with the
alkaline activator, forming geopolymer precursors. Second,
these monomers also react with the alkaline activator forming
the 3D geopolymer structure.”®>” The first step only causes a
moderate viscosity increase, while the second step causes a
significantly steeper growth of the viscosities. > Interestingly,
it seems that the much higher viscosities for the samples con-
taining high amounts of St-DVB-PCM at 1 s™" is mainly due
to a faster reaction rate during the first step of the process
(increasing I'; in Figure 10A), since the onset of the second
stage (zgy in Figure 11A) and how steeply the viscosity is
raising during the second stage (/3 in Figure 11C) is changing
very little with the addition of St-DVB-PCM.

Unlike St-DVB-PCM, increasing the amount of PE-EVA-
PCM seem to slow down the reaction rate at a shear rate of
1 s and go through a maximum at 10 s~ As discussed
above, PE-EVA-PCM slows down the reaction rate during the
initial stage of the geopolymer reaction (I, in Figure 10A).
At a shear rate of 1 s~ this is the main contributing effect to
the decreasing values in Figure 13C, since 7y (Figure 11A)
and g (Figure 11C) are nearly constant. At a shear rate of
10 s_l, the reaction rate is also reduced during the second
stage (decreasing f in Figure 11C). However, the onset of the
second stage occurs earlier (zgy in Figure 11A is declining),
which will contribute to a faster viscosity increase. The over-
all effect is therefore the observed maximum in the 7;5.,:./M0
values.

For PM (Figure 13D), the viscosities change very little
during the first 15 minutes of the reaction, probably due to
the slower reaction rate of Portland cement combined with a
more pronounced shear-induced breakup of the newly formed
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structures within the samples. Interestingly, in the absence of
microcapsules, the viscosity increases more during the first
15 minutes at 10 s™' than at the lower shear rate of 1 s~'. This
is probably related to the initial much higher viscosities at
1s™! (Figure 9B). Accordingly, there are initially more un-
broken agglomerates present at 1 s™', and the initial decline
at short times therefore lasts longer (s, in Figure 10D). The
addition of the hydrophobic St-DVB-PCM does not change
Nsmin/ Mo for PM, suggesting that these microcapsules do not
influence the reaction rate. However, PE-EVA-PCM causes a
reduction of #;5.,;,/1,0 at high shear rates, and an increase at
low shear rates (Figure 13D). This is in agreement with the
faster reaction rates at low shear rates and the shear-induced
disruption of the samples at high shear rates discussed in con-
nection with Figure 11 above.

4 | CONCLUSIONS

e The shear rate dependency of the viscosity of both GM
and PM, where 0-20 vol% of the sand was replaced with
thermoregulating microcapsules, was found to fit well to a
double Carreau model.

e Empirical equations were developed to express the
time-dependent viscosities of both GM and PM. The fitted
parameters from these equations can be used to quantify
how fast the geopolymerization and hydration reactions are
proceeding at different shear rates and at various microcap-
sule concentrations.

o Although the zero shear viscosities of GMs are higher than
for PMs, the initial structures within GMs are more easily
broken apart by shear forces than PMs. However, the geo-
polymer reaction proceeds much faster than the Portland
cement hydration, and the geopolymer reaction products
are less affected by shear forces than the Portland cement
hydration products.

e Both the geopolymer reaction and the Portland cement
hydration are impeded by high shear forces. The viscos-
ities are much more affected by the addition of the rela-
tively hydrophilic PE-EVA-PCM than the hydrophobic
St-DVB-PCB, due to the higher water adsorption onto
PE-EVA-PCM.

e The viscosity of GM increases relatively slowly during
the initial stage when the geopolymer precursors are
formed, and much faster during the next stage when a
3D-geopolymer network is developed.

e The viscosities of PMs decrease during the first few
minutes, due to disruption of agglomerated structures
already present in the samples. After this, the initial hy-
dration process increases the viscosities. However, there
is a competition between the buildup of hydration prod-
ucts and the shear-induced disruption of the structures
within the samples. Accordingly, at the highest shear rate
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the overall effect for some of the samples is a viscosity
decline.

e When PMs reach the intermediate induction period, the
hydration reaction proceeds much slower. Accordingly, the
viscosity rise is very modest, and several samples exhibit a
shear-induced viscosity reduction.

e The influence of the microcapsules on the viscosity devel-
opment and reaction rates of GM and PM are quite com-
plex since they might both speed up and slow down the
different stages of the geopolymer and hydration reactions.
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