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ABSTRACT

The pore structure of mortar (w/c=0.55) was examined using thermoporometry (TPM), nitrogen
adsorption/desorption (NAD), and mercury intrusion porosimetry (MIP). The TPM measurements were
calibrated by comparison to NAD and MIP measurements on porous glass; similar comparisons were made
on dried and resaturated mortars. For undried mortars, TPM provides the size of pore entries (from the
freezing cycle) and interiors (from the melting cycle). In keeping with previous studies, we find that there is
an unfrozen layer of water between the ice and the pore wall in porous glass that is about 0.8 nm thick;
when lime-saturated water is used, the thickness of that layer increases by about 10%. In mortar, the
unfrozen layer is about 1.0-1.2 nm thick, so no freezing occurs in pores with diameters <4.5 nm, at least
down to —40 °C (where the radius of the crystal/liquid interface is ~1.5 nm). Based on the hysteresis in the
freezing and melting curves, the larger mesopores in mortar were found to be rather spheroidal, while the

smaller ones were more cylindrical.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In the present study, we focus on the features of the pore network
that are most relevant to frost damage in mortar and concrete: (i) the
nanometric mesopores where large crystallization pressures can be
generated and (ii) the macroscopic entrained air voids that provide
protection [1]. The results presented here have been used to analyze
the stress and strain in mortar during freezing [2].

The mass transport properties and the durability of cementitious
materials are controlled by their pore structure, so considerable effort
has been invested in characterization of the pore size distribution. The
pores include molecular-scale interlayer spaces, nanometric “gel pores”
between the primary particles of calcium-silicate-hydrate (C-S-H) [3],
micrometric “capillary pores” that are remnants of the interstitial spaces
between the unhydrated cement grains [4], deliberately entrained air
voids with diameters on the order of 50-100 um for frost protection
[5,6], and entrapped air that can reach the millimeter scale in concrete
[7]. The pore space is fully interconnected, as indicated by the fact that
the liquid can be fully exchanged by solvents [8]; the definition of a pore
size or shape is thus quite arbitrary, because there is actually only one
pore with a complicated shape.

Every available method for characterizing pore structure has been
applied to cement paste [8,9]. The low permeability of mature paste
indicates that the transport properties are dominated by mesopores [10]
(i.e., those with diameters between 2 and 50 nm, according to the [UPAC
definition), so extensive use has been made of nitrogen adsorption/
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desorption (NAD). An advantage of NAD is that the adsorption curve
reveals the size of the pore interiors, while the desorption curve
indicates the pore entry sizes, as long as they are in the mesopore range
[11]. This means that capillary pores and larger voids are not measured,
although their presence is detected, because the adsorbed volume is less
than the total pore volume (which can be determined separately from
density measurements). Mercury intrusion porosimetry (MIP) is
capable in principle of measuring micron-scale pores, but it does not
detect them in cement paste, because the large pores can only be
entered through the mesopores; therefore, the porosimeter attributes
the volume of a macropore to the size of its largest entrance. This has led
to doubt about the validity of MIP data [12]. On the other hand, optical
and scanning electron microscopy clearly reveal the size and amount of
the larger pores [12], but are unable to resolve the mesopores [13], so
the information is not sufficient for predicting transport behavior or
freezing stresses.

A major disadvantage of NAD, MIP, and conventional scanning
electron microscopy (SEM) is that the sample must be dried, and this
results in significant alteration of the smaller pores [14-16]. The
magnitude of the change in cement paste was demonstrated by
Villadsen [17], who compared the pore size distributions found from
MIP, NAD, and thermoporometry (TPM); moreover, he compared MIP
samples dried following methanol exchange, and he performed TPM
on samples that had been dried and resaturated. His results, some of
which were presented in Ref. [10], clearly show that drying increases
the pore volume and pore size compared to that of an undried sample.
Environmental SEM avoids this problem, but cannot resolve the
mesopores. Scattering of X-rays or neutrons can be performed on wet
samples, but cannot provide a size distribution for the pores. A very
powerful method for characterizing the pores in a wet sample is NMR
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relaxation time analysis [18,19]. Since the spin relaxation time is
slower for a molecule in bulk liquid than for one near a pore wall,
proton NMR can determine the surface-to-volume ratio of a pore
(comparable to the data from gas adsorption). Although NMR can be
used to find the tortuosity of the pore space, it does not provide
information about pore connectivity; that is, it does not indicate the
fraction of the pore space that can be reached by passing through a
pore of a given size.

Our goal is to measure the features controlling frost damage, which
are macroscopic air voids and mesopores. The volume, size, and
spacing of air voids are readily determined by optical microscopy. To
quantify the size, shape, and connectivity of the mesopores, the most
suitable methods are thermoporometry and cryoporometry. Both of
these methods exploit the dependence of freezing temperature on
pore size, but cryoporometry detects the phase transition using NMR
[20,21], while TPM is done in a differential scanning calorimeter
(DSC). The advantages of TPM and cryoporometry for freezing studies
are that: (a) the sample remains saturated; (b) the stress that is
exerted on the porous host by the ice is about 10 times less than that
exerted by mercury in a pore of the same size [22]; (c) the amount of
ice present at a given temperature is determined directly; and (d) the
pore interior and the pore entry sizes are obtained. The disadvantages
are that it is limited to mesopores with diameters larger than ~4 nm,
because the pore liquid does not freeze in smaller pores, and it is not
reliable for diameters larger than about 100 nm, because the freezing
point depression is too small; moreover, the interpretation is com-
plicated if there is solute in the pore liquid (as in cement paste) [23].

In this paper, we report the results of TPM performed on mortar,
with the goal of predicting the stresses and strains developed during
freezing. To perform the strain calculations, we must know the sizes and
shapes of pores that are filled with ice as a function of temperature. The
required data are most directly obtained calorimetrically, but the results
depend on the thickness of the unfrozen layer of water that lies between
the ice and the pore wall, and on the presence of solutes in the pore
water. To quantify those effects, we compare pore size distributions
obtained by mercury intrusion, nitrogen sorption, and thermoporo-
metry on porous glass containing pure water or water saturated with
calcium hydroxide (i.e., limewater). Since the glass is not affected by the
drying treatment, and is chemically inert, these experiments allow us to
confirm the parameters (viz., enthalpy of melting, crystal/liquid
interfacial energy) used to interpret the calorimetric data, and to assess
the effect of solute on the freezing behavior. The porous glass is subject
to attack at high pH, so we retested it with pure water after the test with
limewater to confirm that the microstructure was unchanged. Next, we
examine dried mortar samples by nitrogen sorption, and compare the
results to calorimetric measurements made on identical samples
immediately after resaturation. This allows us to determine the thick-
ness of the unfrozen layer of water in the pores of cement paste. Using
those parameters, we measure the pore size distribution calorimetri-
cally in a mortar that was never dried.

2. Thermoporometry
2.1. Thermodynamics
Thermoporometry is based on the fact that the freezing point of

the pore liquid depends on the curvature of the crystal/liquid
interface, k¢, according to the Gibbs-Thomson equation [1,24]:

©) (S,—S
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where vy is the crystal/liquid interfacial energy, S; and Sc are the
molar entropies of the liquid and crystalline phases, V; is the molar
volume of the liquid, and Ty(«) is the melting temperature of a
macroscopic crystal (i.e., with effectively infinite radius). The Gibbs-

Thomson equation was apparently first applied for pore size
measurement by Kuhn et al. in a study of organic gels [25], and was
independently proposed by Fagerlund in a study of cement paste [26].
However, the first rigorous development of the thermodynamic basis
of thermoporometry was provided by Brun et al. [27] (BLQE), who
pioneered the development of the technique. To extract the pore size
distribution from our DSC data, we use the crystal/liquid surface
energy and enthalpy data provided in Ref. [27]. However, there are
some typographical errors and conceptual issues regarding that paper
that are discussed in Sections 2.2 and 3.2.

The pore solution in cement paste includes calcium and alkali
hydroxides with a total concentration on the order of half molar [28].
As ice forms in the pore, the solute is rejected by the ice crystals, so the
concentration in the remaining liquid rises [23,29]. Elegant studies
have been done to demonstrate the effect of pore size on the freezing
of salt solutions [30], but we minimize the complications by replacing
the pore solution with lime-saturated water, which is very dilute
(~2 g Ca(OH)y/liter of water). Tests using limewater in Vycor®,
described in Section 4, demonstrate that reliable results are obtained
by using the thermodynamic properties of water to interpret TPM
data for samples containing limewater.

Suppose that a pore has an entry with radius rg, but the interior
(or, body) of the pore has radius rp. The curvature of the crystal/liquid
interface during freezing, Kr, will depend on rg, but the curvature
during melting, Ky, will be controlled by . This results in a hysteresis
in the melting and freezing temperatures. The shape parameter for
the ice, A, can be defined in terms of the curvatures or the under-
coolings:
n= E_IZ = [Rin-oASHdT / [ A5, dT 2)
where ASj, = (S, —S¢)/V.>0, § is the thickness of the unfrozen layer of
liquid against the pore wall, Ty;(1rg—4) is the melting point of ice with a
radius of curvature sufficient to enter the pore, and Ty (rz—4) is the
melting point of ice with the radius of curvature imposed by the interior
of the pore body. We can find \(T) directly from the calorimetric data by
evaluating Eq. (2), without any assumptions about pore shape. If the
entropy of fusion is not a strong function of temperature, we can
approximate A by

AT Ty () =Ty (rg—6)

The quantity AT=Ty,(e) — Tis called the undercooling, and is positive
at temperatures below the melting point of the macroscopic crystal. In
Eq. (3), ATy, is the undercooling where melting occurs in a given pore
and ATr is the undercooling at which freezing occurs (i.e., where the
crystal/liquid interface enters the pore). Based on the data in BLQE [27],
the integral of the entropy for pure water (in units of MPa) is

M AS,dT &~ —1.238T—5.20 x 107°T?, —40<T(°C) <0 (4)

A more precise estimate of A can be obtained by using Eq. (4) in
Eq. (2), but the result obtained from Eq. (3) is satisfactory [2]. This
quantity is needed for calculating the stress exerted on the pore walls
by ice during freezing, as explained in detail in Ref. [2].

The value of A represents the pore shape only if the freezing and
melting events occur in the same pore, which is not necessarily true.
Consider the schematic calorimetric curves shown in Fig. 1. When the
temperature drops to Ty, ice penetrates pore entries with radius rg
which lead into pore interiors with a range of sizes, shown here as
ranging from rp; to 3. During the melting cycle, the ice formed at T
will melt over a range of temperature from Ty;; to Tys, reflecting the
actual range of pore shapes. The smallest of the pore bodies frozen at
Tk (viz., rp3) will melt along with other small pores that were frozen at
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Fig. 1. Schematic calorimetric curves for freezing and melting cycles. During cooling, ice
passes through a pore entry with radius rg at temperature Tg, and enters pore bodies
with interior radii ranging from rp; to rp3. During reheating, the ice in the pores melts at
temperatures ranging from Ty; to Ty;3. We evaluate A by comparing the undercoolings
for melting and freezing at a constant fraction frozen, so in this case we use the
undercoolings at Tr and Ty, to estimate the shape of all the pores entered at Tr.

lower temperatures (following penetration of pore entries smaller
than rg). Similarly, the ice that melts at any temperature will have
been formed over a range of freezing temperatures. Since we have no
way of knowing the actual pore shapes, we approximate the pore shape
by assuming that all the ice formed at Tr melts at Ty, which corresponds
to the same fraction of ice saturation (i.e., the same volume fraction of
the pore space occupied by ice) that was present at Tr. We could try to
refine our approximation by running smaller temperature cycles. For
example, we could cool to Tr and then immediately reheat to see how
closely the reheating curve follows the line from T to Ty,. Of course, the
reheating curve would fall below that line, because of the melting of the
ice in pores with radius rgs. In fact, such an experiment would not be
enlightening, because it would indicate the size of the smaller pores
entered at T (viz., those with interior radius r3), but would not reveal
the existence of those with radii between rp, and rg;. Our method
should provide a good approximation for the average pore interior, 13,
corresponding to each pore entry size, rg, as long as the distribution of g
corresponding to a given r¢ is reasonably consistent. For example, if the
pores were all spheroidal and the interior sizes fell on a Gaussian
distribution with a constant standard deviation, our method should
provide a good average. In materials such as Vycor®, where the freezing
and melting curves are steep, so that all the rp; are similar, this method is
particularly accurate. On the other hand, if there were an abrupt transi-
tion from spheroidal to cylindrical pore shapes in a certain size range,
our estimate might be poor.

In the remainder of this paper, we will focus on finding the pore
size distribution, which requires interpreting the curvatures in terms
of pore radii, based on a model of pore shape.

2.2. Pore shape and hysteresis

To interpret the calorimetric data in terms of pore size, some
assumptions must be made. In the analysis of NAD and MIP, it is
typically assumed that the pores are cylinders, although for some
materials it is more appropriate to approximate the pores as spheres
or slits. Similarly, it is typical to interpret TPM data by assuming that
the pores are cylindrical, so that ice growing into a pore has a
hemispherical surface. The radius of the ice is smaller than that of the
pore, because of the presence of a layer of water with thickness 6 that
does not freeze. Thus, the radius of curvature of the advancing
hemispherical interface is r, —§, and the curvature of the interface is

Kp=2/(rp — 6). After the ice has filled the pore, it takes on a cylindrical
shape, so BLQE argue that it melts at a temperature corresponding to
the curvature of the side of the cylinder, kyy=1/(r, —6). From Eq. (1),
we see that the temperature of the phase transition is approximately
related to the curvature of the crystal by

~ YaKa
AT~ AS, 5)

so the cylindrical crystal will melt at an undercooling, ATy, that is half
as large as that at which it froze, ATg. If the hysteresis in the TPM data
is that large, BLQE conclude that the pores are cylindrical. However, if
the pores are spheroidal, then the interior radius can be much larger
than that of the pore entry, in which case the hysteresis will be greater
than for a cylinder. Thus, the magnitude of the hysteresis provides a
clue regarding the shape of the pores.

If the pores are assumed to be cylindrical, then a pore size distribu-
tion is imagined to resemble Fig. 2a, with abrupt changes in radius,
followed by uniform circular cylindrical sections. In Fig. 2b, the under-
cooling is large enough to permit the ice to enter pore A, but not pore B;
after further cooling, the ice will enter pore B, but be arrested at the
entrance to the smaller pore C (Fig. 2¢). Once Tis low enough to allow ice
to enter C (T=Ty,— ATf), it can also enter D, so they freeze at the same
time (Fig. 2d). When the temperature israised, the ice in pore C will melt
first, at an undercooling of ATS; = AT£/2, as shown in Fig. 3. According to
BLQE, when the temperature rises to T= Ty, — ATZ/2, the ice in pores B
and D will melt, and the ice in the largest pore will melt when T= Ty, —
AT£/2. Thus, pores B and D show different hysteresis because of the
difference in their connectivity, rather than their size and shape. During
the heating cycle, the first melting event indicates a hysteresis equal to
the length of arrow (D in Fig. 3, which correctly represents the shape of
pore C. Similarly, events 3 and @ correctly reveal the shapes of pores A
and B. Event @ shows a hysteresis greater than a factor of 2, as if the pore
were spheroidal, which is not true for pore D; nevertheless, the result

A B C D
—_‘_I

T |

Fig. 2. a) Schematic of cylindrical pore distribution. b) T is low enough for ice to enter
pore A, but not pore B. ¢) Tis low enough for ice to enter pore B, but not C. d) When Tis
low enough for ice to enter pore C, it can also enter pore D. e) During melting, the first
ice to melt is in pore C, leaving a hemispherical interface in pore B and a cylindrical
interface in pore D.
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Fig. 3. Schematic of freeze/thaw hysteresis corresponding to the cylindrical pore
network in Fig. 2, assuming that melting occurs from the side. The segments with
arrows pointing to the left represent freezing, while those pointing right represent
melting. For the ice in pores A, B, and C, melting occurs at an undercooling half as large
as that at which ice entered those pores; however, for pore D, the hysteresis is larger,
because ice entered by way of pore C, but melting occurs independently in each pore.
The dashed arrows show the apparent hysteresis, as explained in the text.

correctly indicates that there is a large pore with a small entry, and
provides a good approximation of the amount of ice in that pore.

Let us reconsider whether a filled pore will actually melt from the
lateral surface or from the end. It may be reasonable to assume that the
ice in pore C will melt at a temperature corresponding to a curvature of
1/(rc—6), but it is less obvious what pores B and D will do. After pore C
has melted, the water in the pore will be in equilibrium with a crystal/
liquid interface having a curvature infinitesimally larger than 1/(rc —6);
thus, the ice in pore B will terminate in a hemispherical cap with radius 2
(rc—46) and curvature 2/[2(rc—6)]. Now, the ice in pore B will melt
from the end if the temperature is in equilibrium with a curvature <2/
(rg—6), so pores B and C will melt simultaneously unless rg — 6>2(rc — ).
That is, the melting of pore C will lead to the melting of adjacent pores
until the interface arrives at a pore twice as large as C. For that pore (let us
suppose it is A, so r4 = 2r¢), the curvature at the pore mouth is now
2/[2(rc—6)]~2/(ra—26), and the curvature of the side is 1/(r4 —§).
As the temperature continues to increase, pore A will also melt from the
end, because 2/(rs—26)>1/(r4—06) for any rys>0. Based on this
reasoning, the only pores that will melt from their lateral surfaces are
those which are connected at each end to pores more than twice as large.
However, this is valid only for co-axial pores, such as A and C. Pore D is
perpendicular to C, so the curvature of the ice in D is not altered by the
melting of C (see Fig. 2e), and it will melt from the side at a temperature
corresponding to a curvature of 1/(rp — 6). We conclude that the melting
in cylindrical pores can occur at a temperature such that A = 0.5, if melting
occurs from the side, or A~ 1, if melting occurs from the end, and the
observed result depends on the connectivity of the pores. In the latter case,
the hysteresis comes primarily from network effects, rather than pore
shape (eg, C freezes at a lower temperature than B, but they melt
together; B and D are the same size and shape, but they freeze and melt at
different temperatures, because of the way they are connected to Aand C).

If the actual pore system involves a sequence of constrictions
between larger chambers, then a cylindrical network is not a very
good model. An alternative would be the network of spherical pores
sketched in Fig. 4, which allows for very large hysteresis, because large
pores may have tiny entrances. The curvature during freezing is
Kr=2/(rg—6) and during melting xky=2/(rg—6), so Eq. (2) indi-
cates that the shape factor A= (rz—§6)/(rg— ), falls in the range
0<A<1.

e

®

Fig. 4. Schematic illustration of spherical pore size distribution, where the white lines at
intersections of the spheres show the diameters of the pore entries.

A different sort of spherical pore network was envisioned by BLQE.
They point out that the radius of the critical nucleus for homogeneous
nucleation, r* is given by an equation equivalent to Eq. (1) [31]:

2a _ fue L;L Sc) 47 ~ AS,AT (6)

That is, the critical nucleus is a crystal whose size is such that its melting
point is equal to the current temperature; smaller crystals melt and
larger ones grow. BLQE therefore proposed that a crystal would
spontaneously appear in a pore with radius r* at its melting point. By
assuming that such nucleation was probable, BLQE concluded that the
shape factor for spherical pores would be A =1, because freezing and
melting would occur at the same temperature. That is, rather than
requiring the ice to enter through a small entry, they assume that it can
nucleate homogeneously in a pore with radius r* as soon as the
temperature is low enough to satisfy Eq. (6). However, this is a mis-
conception based on neglect of the kinetics of nucleation. As explained
in detail in Ref. [32], the rate of homogeneous nucleation for water is
only significant at temperatures on the order of —38 °C [33], where
r*~1.6 nm, because it is unlikely for thermal fluctuations to create
larger crystals; consequently, the probability of nucleation in any given
mesopore is vanishingly small. Therefore, we will assume that ice can
only enter a spherical pore by passing through an entry with a radius
TE<Tp.

We will use the cylindrical and spherical models to evaluate the
TPM data for our mortars, since those models provide bounds on the
expected pore shape in mortar and porous glass. For the cylindrical
pore, we will allow for melting entirely from the side or entirely from
the end.

3. Experimental procedure
3.1. Methods

The samples used in the present experiments were provided by
Tremblay et al. (Laval University), who prepared the samples for the
study of salt scaling presented in Ref. [34]. All mortars were made from
ASTM Type I ordinary Portland cement. A low percentage (20% by
volume) of Ottawa sand type C-109 was used as fine aggregate to
improve mixture homogeneity. Mixtures were prepared at two water/
binder ratios (0.40 and 0.55) and three different air contents (0, 3 and
6 vol%) using a synthetic detergent air-entraining agent (Microair by
BASF). Batching was done using a counter-current pan mixer. A Welan
gum-based viscosity modifying agent (VMA) was added at the end of
the mixing sequence to minimize internal bleeding. The specimens were
stored in a wet room at 100% RH and 23 °C from 24 h after mixing until
they were sent to us (at an age of about 1.5 years); they had dried in
transit, but were immersed in limewater (ie., water saturated with
calcium hydroxide) in our lab until use (about 6 months).
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To measure the porosity of the samples, the weights of both fully
saturated and dried samples (0.5x3x3 cm) were measured. The
samples were vacuum saturated by placing them in a desiccator and
evacuating the vessel for 3 h, and then back-filling with water for
another 2 h. The fully saturated samples were weighed and then dried
in the oven at 105 °C for 2 days and weighed again; the pore volume of
the sample was then calculated from the weight difference of wet and
dry samples, assuming that the pore water has a density of 1.0 g/cm?>.
This high temperature removes interlayer water [8] and may cause
some dehydration of C-S-H or ettringite [35]. Our purpose is to find
the volume of pore liquid that can exert pressure on the body during
freezing, and it seems reasonable to exclude the interlayer water from
that quantity, as argued by Ghabezloo et al. [36]. Therefore, we also
used a milder drying treatment intended to remove water only from
the capillary and gel pores. Mortars were exchanged into isopropanol
and weighed after drying at 60 °C; the weight gain after resaturating
with water was used to determine the porosity. To determine the
skeletal density, mortars with 0 and 6% entrained air were measured
by helium pycnometry (Micromeritics Accupyc 1330) after exchange
into isopropanol and drying at 60 °C for 2 weeks.

Mortar samples were examined by TPM, MIP, and NAD. To minimize
the difference in the pore size distributions obtained by these methods,
the samples were subjected to the same preparation procedure. The
limewater saturated mortar was immersed in isopropanol for 12 h to
replace the water in the pores with alcohol, then dried in an oven at
60 °C for 12 h; after that, the DSC samples were vacuum saturated with
water, as described above for porosity measurements. We assume that
some calcium hydroxide in the paste dissolves in the water, so that the
pore liquid is equivalent to limewater. To maximize the sensitivity,
samples were cut in the form of disks ~5 x 5 x 1 mm thick to fill the DSC
pan. A drop of kerosene was added on top of the sample to improve
thermal contact with the aluminum sample pan and to minimize drying
of the sample while the lid was being crimped onto the pan. This
procedure, together with the small sample size, minimizes the
temperature lag between the instrument and the sample that has
been reported with much larger samples [23]. The temperature cycles
ranged from +5 °C to about -60 °C at a rate of 0.25 °C/min using a
Perkin Elmer Differential Scanning Calorimeter (Pyris 1), which had
been calibrated using pure water and decane. The accuracy of the
temperature measurement is 4+ 0.1 °C and that of the enthalpy is + 2%.
The baseline heat flow changes as the pore liquid freezes, because it
depends on the heat capacities of the ice and water, and the amounts of
those phases are changing. The scheme for calculating the baseline is
explained in Appendix 1.

Bulk water can be cooled below 0 °C without freezing, owing to the
energetic barrier to nucleation, and this effect must not be confused with
the effect of pore size on freezing temperature. Therefore, to determine
the pore size distribution by TPM, it is essential to cool the sample until
some of the pore liquid freezes, then to heat to a temperature just below
the melting point. The first freezing cycle creates crystals that reside in
macropores or on the exterior surface of the sample; during reheating,
the smaller crystals in mesopores melt, but the macroscopic ice persists
and these crystals propagate through the pores as the temperature is
decreased again. The pore entry radius is then found from the second
(and subsequent) freezing cycles, while the size of the pore interior is
found from the first (and subsequent) melting cycles, all of which are
performed without heating above Tjy(). In our experiments, the first
cooling cycle descended to — 20 °C, and the maximum temperature on
all but the last heating cycles was about —0.05 °C.

The interpretation of TPM data for mortar is complicated by the
presence of solutes in the pore water. Since our samples (~2x3x 10 cm)
were stored for an extended period in a large volume (~48 liters) of
limewater, the alkali are likely to have diffused out, so the pores are
expected to contain a solution very similar to limewater. To evaluate the
effect of the solute on the freezing curve, a sample of Vycor® glass was
studied by NAD and by TPM with either pure water or limewater in the

pores. That sample was cut into a plate about 4x4x1 mm; it was
covered with a drop of kerosene to avoid evaporation, and was subjected
to heating and cooling cycles over the range from + 5 to —35 °C at arate
of 0.25 °C/min. To determine whether the glass was altered by the basic
limewater (pH = 12.5), the sample was resaturated with pure water and
the TPM measurements were repeated.

The use of mercury intrusion for measuring the pore size of cemen-
titious materials is problematic, because drying is known to alter the
microstructure (e.g., the permeability rises by two orders of magnitude,
apparently as a result of microcracking [14]); moreover, the pressure
exerted during intrusion can cause damage [37]. The samples prepared
for the salt scaling tests had been dried in transit, so the drying damage
was largely done before our tests began. However, some of that damage
is likely to have healed by hydration during lengthy storage (several
months) in limewater. Before MIP measurements, the water-saturated
samples were exchanged in isopropanol, and then dried at 60 °C. MIP
was performed using a Micromeritics 9410 on granules ~2 mm in
diameter. One measurement was made shortly after the samples were
obtained, and another about a year later (contemporaneously with the
DSC measurements). As reported in the next section, a significant de-
crease in pore volume resulted from the year of aging in limewater, so
we compare the DSC results to the later MIP data. This means that the
pore structure of our samples is different from that of the younger
samples used in the scaling study [34]; however, the samples measured
in this study by NAD and DSC were strictly equivalent.

3.2. Interpretation of TPM data

To analyze the TPM data, we follow the procedure suggested by BLQE
[27]. The DSCreports the rate of heat exchange with the sample, which is
proportional to the amount of ice that melts or freezes. To find the
amount of pore volume occupied by ice, it is necessary to know the heat
of fusion of ice in the mesopores, which is quite different from that of
bulk ice. BLQE recognized that external water, or water expelled from
the sample during freezing, provides a layer of ice on the outer surface
which is in equilibrium with the surrounding vapor. If the ice remains in
thermodynamic equilibrium with the atmosphere and with the water in
the pores, then the liquid must be under negative pressure. That is, the
convex surface of the ice that penetrates the pores creates a positive
pressure inside the ice that must be balanced by suction in the water, if
the internal pressure of the ice is to remain atmospheric. This is
discussed in detail in Ref. [1] in connection with Fig. 4 of that paper.
Using the thermal properties of water and ice, BLQE calculate the heat
exchange per gram of water at temperature T, Wy, taking account of the
temperature dependence of the heat capacities of water and ice, and the
effect of capillary suction in the pore liquid. The result is their Eq. (13),
which differs significantly from the heat of fusion used by other authors
[38-40], owing to inclusion of the effect of pore pressure. BLQE add
another correction (derived in Ref. [41]) to take account of the effect of
the crystal/liquid surface area created when ice forms in a pore. This is a
large correction that is usually neglected in the analysis of TPM, perhaps
because the derivation is not available in English, so it is explained in
Appendix 2. When ice in a pore is melted, the energy of the interface is
liberated, so it constitutes a positive contribution to the heat of fusion
whose magnitude depends on the area of the crystal/liquid interface.
During freezing, when the advancing interface is roughly hemispherical
with Kr=2/(r, — 6), the correction, given by BLQE's Eq. (9), is so large
that it almost exactly offsets the temperature dependence of Wy;,. The
corrected heat of fusion during freezing is

Wi, (J/g) = 332.4 (freezing) (7)

and varies by <0.6% over —40<T (°C)<0. During melting, when the
curvature of the interface in a cylindrical pore would be half as large,
the correction significantly reduces, but does not eliminate, the
temperature dependence of W{,. For melting from the side of a
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cylindrical pore, the result is found by halving the correction term in
BLQE's Eq. (9). The result is given with a relative error<0.25% by

w(T) (J/g) =~ 333.8 + 1.797[T—Ty («)] (Melting, Cylinder) (8)

For melting in a spherical pore, or in a cylindrical pore melting from
the end, Eq. (7) should be used. Dividing the measured heat release by
Egs. (7) or (8), the mass of ice formed or melted in each temperature
interval is found; the volume of ice, v;, is obtained by dividing by the
density of ice [42], which is described by

Pice (g/cm’) & 0.9167 —2.053 x 10 *T—1.357 x 107 ° T2 (9)

where Tis in degrees Celsius. It is incorrect to use the density of water
to analyze the freezing curve, and the density of ice for the melting
curve, as is done by some authors [38-40]. The quantity of interest is
the volume of the pore space that is filled with ice during freezing, or
freed of ice during melting, so in either case it is the density of ice that
is relevant. Rather than using these equations for Wf,, BLQE introduce
an apparent heat of fusion that is related to Wy, by

T, n
w, = wi ("% (10)

where n=2 for a cylindrical pore and n=3 for a spherical pore.
Dividing the measured heat released by W, yields the volume of the
pore, rather than the volume of ice formed during each temperature
interval. In the present analysis, we do not use this approach, because
we don't yet know 6 for our samples.

The radius of the crystal/liquid interface, r¢y, is given by Eq. (6) of
Ref. [27] as

2V _ (T
Tt =[Syt (an

which is obtained from Eq. (1) by assuming that the advancing
interface is hemispherical, so that Kc=2/r¢;. To evaluate Eq. (11), it is
necessary to know <. BLQE performed a series of measurements on
samples with narrow pore size distributions and found the surface
energy that would bring their TPM results into agreement with MIP
measurements. Their results, shown in Fig. 5, were fit to the following
equation, which is their Eq. (17):

Ya(J/m?) = 0.0409 + 3.9 x 10~*(T—T,,) (12)
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Fig. 5. Crystal/liquid interfacial energies measured by Brun et al. [27] by calibrating TPM
against MIP (B); by Skapski et al. [43] from the curvature of ice in a tapered capillary (S); by
Ketcham and Hobbs [44] from grain boundary angles (K); by Rasmussen and MacKenzie
[33] from homogeneous nucleation temperatures.

At T=Ty =0 °C, Eq. (12) is in reasonable agreement with the value
found by Skapski et al. [43] by measuring the curvature of a crystal in a
tapered capillary at temperatures near the melting point; it is slightly
higher than the value obtained by Ketcham and Hobbs [44] from grain
boundary angles in ice. The predictions of Eq. (12) at lower
temperatures are significantly higher than those inferred by Rasmussen
and MacKenzie [33] from the temperature of homogeneous nucleation
of ice. BLQE plausibly excuse this discrepancy by arguing that the
assumptions of nucleation theory, including the assumed shape of the
nucleus, add uncertainty to the value of yq. An issue that has not been
addressed in the context of TPM is the anisotropy of the surface energy
of ice. There is even dispute about the phase of ice that appears in small
pores, where some studies suggest that cubic ice forms [45,46], while
others find hexagonal ice [47,48]. These uncertainties may contribute to
the scatter of values found in the literature. The values extracted from
TPM data by Ishikiriyama et al. [38] are even lower than those found
from homogeneous nucleation; moreover, they obtained the unphysical
result that yq was different at a given temperature during the cooling
and heating cycles. Their data are compromised, because their fitting
involved the uncorrected heat of fusion of bulk water, and they used the
density of water, rather than ice, to evaluate the freezing cycle. Based on
the datain Fig. 5, we feel that it is most reasonable to use Eq. (12) for ycy,
since it is obtained from TPM experiments using the best thermody-
namic data.

Using BLQE's Eq. (13) for (S, — S¢) with data from Lange's handbook
[49] for the specific volume of water, we evaluated Eq. (11) numerically,
and fit the result to a parabolic expression in T. Inverting that expression
gives an equation for T as a function of y¢;/r¢;; comparison to Eq. (16) of
Ref.[27] reveals a typographical error: the factor of 10~ #in the first term
of that equation should be 10T, With this correction, and using Eq. (12)
for y¢, we obtain an expression for ¢ as a function of T that can be fit to
a hyperbolic form. There is an unfrozen layer of water with thickness 6,
so the radius of the pore, 1, is related to the radius of the ice crystal by
1, =T + 6. For water, the result is

p(nm) = % —0.23 + & (water, freezing) (13)
Based on comparisons to MIP and TPM results for various porous
materials, BLQE concluded that 6 = 0.8 nm for water. The final result is
Eq. (19) of Ref. [27], which relates the pore radius to the undercooling
during freezing:

rp(nm) = % + 0.57 (water, freezing, & = 0.8 nm) (14)
During freezing, the amount of heat released at temperature T
indicates the volume of pores that are accessible through entries with
radius r,, given by Eqs. (13) or (14).

The radius of the pore that the ice enters is r, =r¢; + 6; therefore,
the volume of the pores in which freezing occurs, Vpore, is greater than
the volume of the ice by a factor of

I + 0\" g \"
Vpore = Vice< CLI’CL ) = Vice <r3728> (15)

where n=2 for a cylindrical pore and n=3 for a spherical pore. To
find the unfrozen layer thickness requires fitting of the melting curve
(which depends on the pore interior radius), and finding é such that
the total pore volume is the same as that found by nitrogen sorption.
The volume comparison should include only the pores that the ice can
enter, which means that the NAD pore volume that is relevant is the
volume in pores larger than

2 2Yaq
P 6 N b oY 16
min o) A Ty =) —Tom) (18)
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where T, is the lowest temperature of the TPM experiment; the
approximation follows from Eq. (5). To find 6 for the mortar, a
calibration experiment was performed in which a sample of mortar
was dried (at 60 °C, following exchange into isopropanol) and
analyzed by NAD, and then resaturated with water and measured
using TPM. The measured pore volumes were brought into agreement
by iteratively adjusting 6. Once 6 is known from that type of
experiment, the same value can be used for other mortars, so it is
not necessary to combine TPM and NAD routinely. Evidently, TPM
cannot analyze pores smaller than r;, but the volume of pores
smaller than r;, can be found by measuring the weight loss of the
sample on drying, and comparing that to the measured pore volume.

4. Results

The porosity and density values for the mortars are shown in
Table 1. An upper bound on the porosity, ¢, is found from the weight
loss upon heating to 105 °C. Dividing the bulk density by 1 — ¢ yields a
skeletal density of 2430 + 30 kg/m®, but this is an overestimate; the
values from helium pycnometry are about 4% lower. For the sample
without air entrainment, given the bulk density (p, = 1.681 g/cm?)
and the skeletal density from pycnometry (ps=2.318 g/cm?), the
pore volume is V,=1/p,—1/ps=0.164 cm?/g, and the porosity is
¢=1—pp/ps=0.275. The values of air content in the mortars that
were measured in Ref. [34] are shown in the table, along with values
estimated from the ratios of the bulk densities of the dry samples, and
they are seen to be consistent. The ratios of the saturated densities
show that the sample with a nominal air content of 3% has a density
2% lower than the sample without air entrainment, so the air voids are
largely empty. The sample with a nominal air content of 6% has a
saturated density 5.5% lower than sample without AEA, so its voids are
also empty. After the non-air-entrained mortar was exchanged into
alcohol and dried at 60 °C, it was resaturated with water; the weight
gain corresponded to a pore volume of 0.161 ml/g, which agrees well
with the value calculated from the pycnometry data.

Fig. 6 shows a comparison of DSC data from three melting and
freezing cycles for mortar samples; two have no air entrainment, and
one contains 6% air. The agreement is quite good, showing that the
data are reproducible, and that air entrainment has little effect on the
size of the mesopores. The amount of ice detected during melting and
freezing is typically constant within ~3%, as shown in Table 2. One
sample was overheated during the first melting cycle, so macroscopic
ice melted, and heterogeneous nucleation of ice occurred abruptly at
about —2 °C during the subsequent freezing cycle; therefore, the
portion of the curve at higher temperatures contains no information
about the pore size. Nevertheless, the portion at lower temperatures
agrees with the curves for samples that were not overheated, in which
ice propagated from the pre-existing nuclei. The undercoolings during
melting and freezing are indicated at the (arbitrarily chosen) point

Table 1
Density and porosity of mortar (w/c=0.55).
Air content® 0 (1.5) [0] 3(5.0) [40] 6 (5.8)[6.0]
Saturated density® 1993 1953 1884
(kg/m?)
Bulk density® 1681 1614 1517
(kg/m?)
Skeletal density® 2443 (2498) [2318] 2442 (2642) 2397 (2638) [2313]
(kg/m?)
Porosity® 0.312 (0.268) 0.339 0.367 (0.333)

¢ Nominal air content (Measured value from Ref. [34]) [Calculated from ratio of dry
bulk densities].

> Sample saturated, except for air voids.

¢ Calculated from initial volume and weight after drying at 105 °C.

d Calculated from bulk density and porosity (Calculated from bulk density and
porosity, allowing for measured volume of air voids) [From helium pycnometry].

€ Calculated from weight loss at 105 °C (after drying at 60 °C).

0.08 1 1 1 1 1 1 I
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Fig. 6. Volume of ice in mortar versus temperature during freezing (solid curves) and
melting (dashed curves); the left-most curve in each group has 6% entrained air, and
the others have none. The undercoolings during the freezing (ATr) and melting (ATy)
cycles are indicated for an ice content of 0.04 ml ice/g of dry mortar. One sample was
overheated during the first melting cycle, so ice suddenly nucleated at about —2 °C
during the subsequent freezing cycle (labeled “Nucleation”); the rest of the curve is not
significantly affected.

where the sample contains 0.04 ml of ice per gram of dry mortar. The
ratio of these undercoolings is a measure of the pore shape. Using
pairs of values found in this way, the shape parameter A is calculated
from Egs. (2) and (4), with the results shown in Fig. 7.

For the mortar, Fig. 7 shows that A<0.5, so the pores are
spheroidal, rather than cylindrical. The value of A shoots up when
the volume fraction of ice, ¢, is high or low, but this is an artifact. For
example, the melting curves in Fig. 6 are almost horizontal below
—15°C, and the same is true of the freezing curves below about
—30°C. This leads to large uncertainties in the ratio of the
undercoolings for ¢¢>0.9. Similarly, there are uncertainties in the
part of the curve near the melting point, where the temperature cycle
reverses. Consequently, we have truncated the plot for ¢c<0.1 and
¢c>0.9. The shape factor for the porous glass is always >0.5, indicating
that the pores are roughly cylindrical, but the ice in a significant
fraction of the pores melts from the end owing to network
(connectivity) effects. However, most melting clearly occurs from
the sides of the cylindrical pores, since otherwise we would find A=~ 1.

To extract the pore size distributions from the TPM data, we need
to know the thickness of the unfrozen layer, 6. This was found for each
model by forcing the pore volumes to agree with those obtained from
NAD. The calculation must be done iteratively, because the compar-
ison should include only the portion of the distribution that the ice can
enter at the lowest temperature of the cycle, but as indicated in
Eq. (16) the bounding radius, r;,, depends on é. The results of the
calculations are summarized in Table 3. For pure water in Vycor®, we
find 6=0.74 nm for cylindrical pores that melt from the side, and
6=0.96 nm for spherical pores; this is in reasonable agreement
with the value 6=0.8 nm found by BLQE using the same models. A
larger value is found from the model in which melting is assumed to
occur from the end of the cylinder, because that model does not give a
realistic representation of the process (as demonstrated by the
magnitude of the hysteresis). When the porous glass is saturated
with limewater, the layer thickness is found to be slightly larger, but

Table 2
Volume of ice detected in mortar by DSC (for the samples shown in Fig. 6).

Cycle Freezing (ml/g) Melting (ml/g)
1 0.0772 0.0757
2 0.0755 0.0745
3 0.0751 0.0728




Z. Sun, G.W. Scherer / Cement and Concrete Research 40 (2010) 740-751 747

1. sdoa s s 2l s s s la PR PR S U SN S S U U S Y

0.8

Porous Glass
0.6

0.4

Mortar

02

N B T R P
0.4 0.5 0.6 0.7 0.8 0.9

Fraction Frozen

T

0.1 0.2 0.3

Fig. 7. Shape factor, A, defined in Eq. (2), for porous glass saturated with pure water
(solid curve) or limewater (dashed curve) and mortar saturated with limewater. The
dotted line indicates the value (A =) expected for perfect cylinders where melting
occurs exclusively from the side. The abscissa is the fraction of the pore volume that
contains ice (i.e., the degree of saturation of the pore space with ice).

the difference is probably smaller than the uncertainty in the
calculation. The DSC curves for Vycor® saturated with pure water
and limewater are compared in Fig. 8. In the mortar, the unfrozen
layer is found to be consistently larger than in porous glass, even
when the glass contains limewater. Given the relatively low value of A
indicated for the mortar in Fig. 7, the spheroidal model is probably the
most appropriate model, and it yields 6=1.2 nm.

The pore size distributions obtained for porous glass by NAD are
compared with the TPM results in Fig. 9. The desorption curve is
expected to correspond to the freezing curve, since both are
interpreted by assuming that a hemispherical meniscus, which is
concave toward the non-wetting phase, penetrates the pore opening.
As shown in Fig. 9a, the peak of the NAD distribution is only about
0.6 nm to the left of the TPM distributions. The latter are only slightly
shifted relative to one another by an amount related to the corre-
sponding value of 6. The differences are greater in Fig. 9b, where the
adsorption and melting data are compared. The adsorption curve falls
between those for cylinders with melting from the side or end, but is
closer to the former, which is consistent with the value of A shown in
Fig. 7. The pore volume of the Vycor® is 0.252 ml/g.

The pore size distributions from NAD for dried mortar samples are
compared with TPM results for resaturated samples in Fig. 10. The
NAD curves extend to pores with entry radii of 1.25 nm, whereas the
smallest pore radius entered by ice at —40°C is about 2.5 nm,
according to Table 3. Fig. 7 indicates that 0.25<A<0.45 for the
mortar, so the pores are roughly cylindrical, but the pore interiors are

Table 3
Unfrozen water layer thickness, 6, and radius of the smallest pore entered during
freezing cycle, ryin.

Pore model Vycor® pure water Vycor® limewater ~Mortar limewater

6 (nm) rypip (NM) 6 (M) Ty (NM) 6 (M) Ty (NM)

Cylinder (Melt side) 0.67 2.1 0.74 2.6 0.98 24
Cylinder (Melt end) 1.2 2.8 14 33 1.6 3.0
Sphere 0.96 23 1.0 29 12 2.6
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Fig. 8. Volume of ice in Vycor® versus temperature during freezing (solid curves) and
melting (dashed curves), for samples saturated with pure water and limewater.

somewhat larger than the entries, particularly for the larger pores. The
most accurate representation of the pore size distribution should lie
between those for the cylindrical pore melting from the side and the
spherical pore.
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Fig. 9. Pore size distribution in Vycor® porous glass found from (a) nitrogen desorption
and TPM freezing cycles; (b) nitrogen adsorption and TPM melting cycles. The pore
liquid in TPM was pure water and the data were analyzed assuming that the pores are
spherical (Sphere) or cylindrical with all melting from the side (Cyl Melt Side) or from
the end (Cyl Melt End).
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Fig. 10. Pore size distribution in mortar without entrained air, found from (a) nitrogen
desorption and TPM freezing cycles; (b) nitrogen adsorption and TPM melting cycles.
The pore liquid in TPM was limewater and the data were analyzed assuming that the
pores are spherical (Sphere) or cylindrical with all melting from the side (Cyl Melt Side)

The pore size distribution from MIP is compared with those from
NAD and TPM (assuming cylindrical pores melting from the side) in
Fig. 11a. As expected, the MIP curve agrees with the nitrogen
desorption curve. The smallest pores are not entered by ice, so the
TPM curves lie slightly to right of the others. The cumulative curves in
Fig. 11b give a different perspective: although the NAD curves show
the steepest slope (so, the highest peak in the distribution curves) at
radii<5 nm, the cumulative curves show a higher volume of pores in
the 10-40 nm range than either MIP or TPM. The MIP curve labeled
“old” was measured shortly after the samples were received (at which
point they had been hydrated for ~1.5 years); all the other samples
were tested about a year later. The additional hydration time resulted
in a reduction in pores with radii <12 nm and an increase in those
with radii between 12 and 30 nm; the total pore volume decreased
from 0.168 ml/g to 0.131 ml/g. (The density measurements described
in the first paragraph of this section were made at a date midway
between these MIP measurements.)

The mortar samples in the preceding figures had been dried and
resaturated, so that their pore structure would be comparable to that
of the dried samples used for NAD. The effect of drying and resatu-
rating is shown in Fig. 12. As was shown by Villadsen [17], drying
causes an increase in the size of the mesopores. In the present case,
the median pore entry radius increases from about 4.6 nm before
drying to 6.1 nm after drying.

r(nm)

Fig. 11. Pore size distributions (a) and cumulative curves (b) measured by MIP, NAD,
and TPM (assuming cylindrical pores, melting from the side) for a mortar without
entrained air. The MIP curve labeled “old” was measured a year earlier, and the
additional hydration time is seen to have reduced the pore volume and the proportion
of pores with radii<12 nm.

5. Discussion

Based on a careful examination of the thermodynamic data and the
physical assumptions employed, we conclude that the TPM analysis
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Fig. 12. Comparison of the freezing (solid) and melting (dashed) curves for a mortar
that was not dried (Undried) and one that was exchanged into isopropanol, dried at
60 °C, and resaturated with water (Dried).
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proposed by BLQE [27] is more accurate than others published more
recently. The pore size distribution depends on the assumed pore shape
and the mechanism of melting. For cylindrical pores, if melting occurred
from the end, there would be very little hysteresis, whereas melting from
the side would result in a twofold difference in the undercooling during
freezing and melting. Since the observed hysteresis is always large, it
appears that most cylindrical pores do melt from the side, as suggested
by BLQE. However, since the data for porous glass yield A = 0.6 for much
of the temperature range, there must also be some pores that melt from
the end, owing to network effects. Real pores will generally have interiors
with radii larger than their entrances, so an alternative model, which
provides a bound on the predicted pore size, is the spherical pore. In this
case, the crystal/liquid interface is assumed to be spherical, so the
curvature is 2/(rg—6) during freezing and 2/(rz—6) during melting.
Contrary to the assertions of BLQE, we conclude that ice enters the pores
by propagation, not by independent nucleation events; therefore,
hysteresis is to be expected, even if the pore interiors are perfectly
spherical, since rg<rg.

Comparison of the TPM results for porous glass containing pure
water or water saturated with calcium hydroxide shows that there is a
small increase in the thickness, 6, of the unfrozen layer (see Table 3).
This can be plausibly attributed to the presence of large hydrated
cations in the unfrozen layer. Indeed, calcium ions cause a small, but
measurable decrease in permeability of porous glass, apparently
owing to a small increase in the thickness of the surface-affected layer
[50]. However, 6 is even larger in mortar, so there may be more ions in
the pore liquid than is the case for Vycor®, or the structure or charge of
the pore wall might be important. The present measurements indicate
that the value 6 =0.8 nm found by BLQE is a good estimate for water,
but for cementitious materials containing limewater, we recommend
using 6=1.0 nm with the cylindrical pore model or 1.2 nm with the
spherical pore model.

6. Conclusions

Calorimetric data can be used directly to determine the pore shape
parameter, A, and the volume fraction of the pore space saturated with
ice, without recourse to a model of pore shape. These results are used in
a companion study [2] to predict the strain caused by crystallization of
ice in the pores of mortar with and without air entrainment; the results
are shown to be in good agreement with dilatometric measurements.
Moreover, the shrinkage of the air entrained mortars is shown to
account for the reduced scaling damage measured by Tremblay et al.
[34] on these mortars.

For the analysis of pore shape by thermoporometry, we find that the
method of analysis proposed by BLQE [27] is more reliable than others in
the literature. In particular, the heat of fusion used in the analysis must be
corrected for the effect of pressure in the liquid and for the contribution
from interfacial energy. For pure water, the thickness of the unfrozen
layer is 0.8 0.1 nm, but it rises to 1.0-1.2 nm for limewater in mortar.

The pore sizes found for mortar by TPM are in reasonable
agreement with those found by NAD. Neither of these techniques is
accurate for measuring pores with radii larger than about 25 nm, but
they are sensitive to the mesopores that control transport properties
and crystallization pressure in cement paste. An advantage of TPM
over NAD is that the samples do not need to be dried. Direct
comparison of dried and undried samples shows that the pores in the
latter are smaller.
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Appendix 1. Calculation of the baseline for DSC

Assuming that the instrument is calibrated such that the baseline
without a sample is flat and equal to zero, the measured signal
represents heat flow into the sample, Q (mW)=dh/dt, where h is
heat (J) and ¢ is time. The heat capacity of the sample, c,, is

dh Q
mc¢, = —— = — 17
»T A T g (17)
where m is the mass of the sample and g =dT/dt is the heating rate.
The reported heat flow is the sum of the baseline, Qp, and the enthalpy
of crystallization or melting, Q.. In a plot of heat flow against time, the
area under the curve is

h = [Qdt (18)

and the slope of the baseline is

dQg dc,
= mﬁ (19)

If the heat of fusion is hf (J/g), then the heat flow from crystal-
lization or melting is

dm
Qc = hf d—tc (20)

where m is the mass of crystals in the pores.

The heat capacity includes contributions from the solid phase of
the porous body, cps, the pore liquid, cp;, and the crystals in the pores,
Cpc:

mc, = MgCys + My Cy + McCye (21)
If the initial mass of the pore liquid is m;g, then m; =my — mc. The

change in heat capacity of the sample results from the change in mass
of crystals,

dc dm
m2E = (Ge—6) g (22)

Before the freezing peak, there will be a linear region where the
heat flow is

Qo = Qpy = qmcyy = q(MsCps + My Cyr) (23)

The location of the baseline at any later time is

Qi) = Qo + [1 9B ar =y + gme,(0)—gme,(t) = amey (0

ty dt/
(24)
o}
QB(t)_QO = qm(cp_cpo) = q(CpC_CpL)mC (25)
The heat flow from crystallization is Q, so
dme
Q(t) = Qp + Qc = Qo + q(Ccye—Cp)Me + hp —= (26)

t
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or
dmc Q(CpC_CpL) _ Q(t)_Qo
ar R T TR @7

Thus, the amount of ice formed at time t is given by

ot [t q(CpC_CpL) " Q(t/)_QO ’
me(t) = [, exp[ I y dt by dt (28)
or
- -Q

me(T) = [T exp|— 7, 1 =%) g | QTV=Qo 47, 29

C( ) To p|: T th th ( )

If the experimental data are taken at a small temperature interval,
AT, we can expand this result using the trapezoidal rule to obtain

me(T + AT) =~ m(T)x + % <Q(Z)h_Q° X (30)
f
n AT (Q(T + AT)—Qy
where
X = exp [— (C”C;;’;L)AT} (31)

Appendix 2. Correction for interfacial entropy

Brun et al. [27] apply a correction in their Eq. (9) that is derived by
them in section F(c) of Ref. [41] (BLQE2). Their argument is
reproduced here. They use a formulation due to Gibbs [51] and
Guggenheim [52] in which the interface is treated as a separate phase
with zero volume. First they consider the case of a bounding surface
(subscript B) confining the liquid (L) and crystalline (C) phases, as in
Fig. 13. The Gibbs-Duhem equations for a mole of the liquid and solid
interphases are

duyg = —SpdT —Apdy (32)
and
dicg = —ScpdT —AdYcs (33)

where S is the entropy, A is the interfacial area, and vy is the interfacial
energy. At equilbrium, du; s = dpcg, so

(Ss—Scp)dT = —Adyp + Agd¥cs (34)

At this point, BLQE2 argue that the surface area covered by liquid
or crystal would be about the same, A=A;p=Acs. This is a rough
approximation, since those areas should be in the ratio of the molar
volumes, A;g/Acgs =V/Vc, but it allows them to make use of Young's
equation,

Yis = Yeg — Ve €0S(6) (35)

where 6 is the contact angle made by the crystal with the boundary;
the negative sign results from the unorthodox definition of 6 in
Fig. 13a. The result of substituting Eq. (35) into Eq. (34) is

(Sip—Scp)dT = —Ad(Yi3—Ycg) = Adyq cos(d) (36)

7% o 7L7
ZRB7N7 B 70
OO

Fig. 13. Sketch of pore, after Ref. [41], where B is the boundary (confining) phase, C is
the crystal, and L the liquid. In (a), the crystal is in contact with the boundary, and has a
contact angle of 6. In (b), there is an interfacial layer (cross-hatched) with thickness 6.
The radius of the crystal is r and the length in contact with the boundary is h.

In a pore of radius r, suppose that a mole of interphase covers an
area A=2 mir h; that length of pore will contain a number of moles, n,
equal to 1 12 h/V,. Thus, A=2nV,/r and the “superficial” entropy
associated with the freezing of that amount of liquid is

ASsup = Sip—Scp = it cos() (37)

_ 2nV, dyg
r

If the boundary is an unfrozen layer, as in Fig. 13b, BLQE2 point out
that the preceding equations still apply, but B represents the unfrozen
interfacial layer with thickness 6.

Departing from the approach of BLQE2, we can argue that the
energy of the interface between the pore liquid and the unfrozen
layer, vy, should be small, since they are the same liquid with slightly
modified structure. If so, Egs. (34) and (35) can be approximated by

(Su=Sa)dT = Agdyg (38)
and
Ya = Ve €0S(0) = Y (39)

and Eq. (37) becomes

ASjp = Sy=Sa g e~ 2MVe Da (40)
In this case, r is the radius of the ice (represented by R, in BLQE, and
by r in the present paper). Eq. (40) is the same as the result of
BLQE2, within the bounds of their approximation, A;g=Acg, Which
implies that V, =~ V..

In Ref. [27], BLQE work in terms of energy per gram, so we must
divide Eq. (40) by n times the molecular weight, which yields,

2ve d
ASrp (1/g) = =€ (41)

where v¢ is the specific volume of the crystalline phase. The sign of
this result is different from that in eq. (9) of BLQE, because that
equation applies to freezing, whereas Eq. (41) describes the entropy
increase upon melting. To replace r with a function of temperature,
BLQE make use of Eq. (13). During the freezing cycle, r=r,—4, so
when the pore liquid is water, the radius of the crystal is related to the
undercooling by

64.67

r = rqg(nm) = AT —0.23 (42)
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During the melting cycle, at the same AT, the curvature of the ice
crystal is half as large, so

32.33
r~ S 011 (43)

Substituting Eq. (42) or (43) into Eq. (41), and using Eq. (12) to find
dyq/dT leads to Eqs. (7) and (8), respectively.

If the pores are assumed to be spherical, then this analysis must be
modified. If we proceed analogously, assuming that the area of the
interface is Aq =4 1 r? and the number of moles of ice in the pore is
n=4n r’/(3 V), we will arrive at Eq. (41) with the factor of 2
changed to 3. However, this would be valid only during melting in a
pore that is nearly a complete sphere; such a pore would necessarily
have an entry radius much smaller than that of the interior. If ice
enters the spherical pore through a small opening, as suggested in
Fig. 4, then the freezing temperature is controlled by the radius of the
entry, not the interior. Using the radius of the entry would lead to an
overestimate of the surface-to-volume ratio of the ice inside the pore.
There is no simple resolution to this problem, so we will proceed as in
BLQE, using Egs. (41) and (42) to describe both the melting and
freezing curves for the spherical pore model. The overestimate of the
interfacial area is partially offset by using a factor of 2, rather than 3, in
Eq. (41). For a spherical pore with interior radius R; and two entries
with radius R,, the surface-to-volume ratio can be shown to be
s=6R;/(2R? + R?), whereas that implied by Eq. (41) is s’ =2/R. . The
error resulting from use of the latter is < 10% if R./R;>0.8, but it rises
to>50% if R./R;<0.5. (Of course, a typical pore will have more than
two entries, so these are only crude estimates.) Therefore, it is prudent
to test Eq. (41) for spherical pores, but to distrust the results if the
analysis indicates that R./R;<0.8.

An iterative scheme can be used to adjust the entropy correction for
the spherical model; however, the errors resulting from our ignorance of
pore connectivity (as discussed in connection with Fig. 2) make such
refinements pointless. Therefore, following BLQE, we will simply use
Egs. (41)-(43) and accept the uncertainty in the pore size distribution.
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