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Abstract

Mesopores in porous solids can produce a pronounced sorption hysteresis at moderate and high
reduced vapor pressures of the ambient gas that is condensed in the pores. Unlike to other con-
ventional porous materials, cement pastes often behave exceptionally. The water sorption hyste-
resis frequently persists at very low humidity. This hysteresis is reflected in a corresponding hys-
teresis loop of the solid skeleton volume. We discuss a theoretical model based on the strong
compression force exerted by a condensate on the walls of narrow slit pores embedded in an elas-
tic solid. This compression force is shown to be capable of shifting walls of narrow slit pores. Hu-
midity-dependent closing and reopening of slit pores can produce hysteresis loops even at low
humidity.
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1. Introduction

Hardening of cement pastes results from a hydration reaction that forms the C-S-H gel, where the notation C =
Ca0, S = Si0,, and H = H,0 is used [1]. This calcium-silicate-hydrate gel glues together reaction products and
non-reacting components within the cement paste. The C-S-H gel is supposed to have a layered structure com-
parable to the mineral tobermorite. Narrow slit pores in the layered structure can be analyzed by different me-
thods such as X-ray diffraction, neutron scattering and NMR [1] [2]. It was found that slit pores in cement pastes
can be rather small, their width may range between a few angstroms and a few nanometers. Micropores, which
have a pore width smaller than two nanometers, often comprise a large fraction of the total pore volume in ce-
ment pastes. As the C-S-H gel is hydrophilic, the porous material adsorbs water from the atmosphere. Unlike
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many other hydrophilic porous materials [3], the hysteresis of water sorption isotherms in cement-based mate-
rials often persists at very low humidity [4].

A comparison of different cement pastes with low and high volume fractions of small pores suggests that
sorption hysteresis at low humidity only appears in materials with a large amount of small pores. The diagrams
in Figure 1 show a comparison of sorption isotherms for hardened cement pastes with a low (left column) and a
high (right column) fraction of micropores. Both pastes have the same chemical compaosition. Sorption hystere-
sis loops are reflected in corresponding loops in diagrams for the volume change of the solid skeleton [4]. Mi-
cromechanical models for describing the unusual sorption hysteresis should explain this observation.

Several arrangements of the C-S-H sheets in cement pastes have been proposed. Feldman and Serena [5] as-
sumed a porous gel of randomly distributed stacks of C-S-H layers. Jennings [6] proposed a model of colloidal
disklike building blocks called globules, which stick together and form a fractal network with small and larger
pores. Each globule consists of a stack of parallel C-S-H layers. The sequence of C-S-H layers contains some
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Figure 1. Water sorption isotherms and corresponding pore size distributions (mercury intrusion porosimetry) for Portland
cement pastes (CEM-I). The material with a large amount of micropores and small mesopores (right) displays a strong sorp-
tion hysteresis in comparison to an 8 h autoclave-hardened material (left), which has a low fraction of small pores.
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gaps filled with one or a few layers of physically bound water [1]. Such a water layer, which has a width of a
few angstroms, could be considered as the condensate in a narrow slit pore located in the space between two ad-
jacent hydrated calcium silicate sheets. Experiments and theoretical reasoning demonstrate that narrow water
filled gaps between adjacent C-S-H layers are held together by strong cohesion forces [7] [8].

Conventional capillary forces [9], which are very important for the macroscopic description of the forces in
broad water-filled slit pores, play a minor role in micropores of cement pastes. In narrow water-filled slit pores
of hardened cement pastes mainly calcium ions cause the main contribution to the negative tension that attracts
the pore walls. Thus, the compression force per unit area can be considered as a tension (negative pressure) that
the liquid condensate exerts on the pore walls of the slit pore. Since the tension on the walls in hardened cement
pastes is much larger than typical capillary forces in many other materials, the planar pore walls may be shifted
considerably, although the Young modulus is relatively high [10]. It seems even possible that the compression
pressure completely closes narrow slit pores. Closing a pore embedded in an elastic solid requires the expendi-
ture of elastic energy. A closed slit pore can reopen if the wall pressure is diminished after changing external
conditions such as relative air humidity. In a previous paper [11] we have shown that closing and reopening of
slit pores in soft hydrophilic solids is possible by varying the capillary force, which depends on the air humidity
in the environment. This mechanism can produce hysteresis if the elastic energy required to close a pore by a
capillary compression force is rather low. The theoretical approach is applicable to soft solids with Young mod-
ulus not higher than about 1 GPa.

On the other hand, for reopening the pore, the elastic energy must be sufficiently high to overcome the inter-
face energy at the solid-solid contact region of a closed slit pore. It can be shown that sorption hysteresis can
appear even at low air humidity, if material parameters satisfy some conditions necessary for closing and reo-
pening the slit pores. If these conditions are satisfied, the resulting sorption hysteresis is also reflected in a hys-
teresis of the volume change of the solid skeleton. In this paper we consider the possibility of sorption hysteresis
resulting from closing and reopening of narrow slit pores in solid materials with relatively high Young modulus
such as hardened cement pastes. Apart from the Young modulus, the tension exerted on pore walls is also high
in hardened cement pastes. It will be shown that pore walls in cement pastes can be shifted in a similar way as in
soft solids. We elucidate conditions for the appearance of low-humidity sorption hysteresis in cement-based
materials.

2. Elastic Energy of the Solid Skeleton Associated with Closed and Partially Closed
Slit Pore

Figure 2 illustrates a slit pore with width b embedded in an elastic medium. If the pore is empty, i.e. if it con-
tains no condensed water, the pore does not exert any stress on the solid medium and the elastic energy is equal
to zero. A slit pore can be closed after exerting a compression force that pushes both pore walls together so that
the gap between them disappears. Starting from a deformation-free slit pore, the elastic energy required to pro-
duce the closed pore configuration can be obtained from the theory of dislocations. In this theory, the shift b
(Burgers vector in a crystal lattice) is produced after removing a lattice half plane in a crystal and gluing both
sites of the resulting gap together. Hence, the Burgers vector b in crystal physics is always equal to a multiple of
a lattice constant.

However, as the elasticity theory is a macroscopic theory, and the solid is considered as a continuous medium
without periodic lattice structure, the expression for the elastic energy of a closed pore configuration is also cor-
rect when b is not equal to a lattice constant. Thus, the elastic energy of the closed pore shown in Figure 2(b)
can be evaluated by applying the same expression as used for evaluating the elastic energy of an edge disloca-
tion. The elastic energy is concentrated along the dislocation line, which is the rim of the closed pore (direction
of the y-axis in Figure 2(b)). A small cylindrical region around the dislocation line (core radius rg), where elas-
tic stresses diverge, is excluded, since the linear elasticity theory is not applicable there. Let E and v be the
Young modulus and Poisson’s ratio, respectively. Then the elastic energy per dislocation line length L (length of
the slit pore along the y-axis) embedded in a solid cylinder with radius R is [12]

W,  Eb’ R
3 _—Sn(l—vz)ln(roj 1)

The core radius ry is generally assumed to be comparable with a lattice constant (ry = 0.3 nm). Unfortunately,



P. Schiller et al.

(a)

(b)

\ 4
x

w>w

(()——— b

w>w

(d)

A

S
>

2r

Figure 2. (a) A lattice half-plane of a layered crystal lattice is removed; (b) The edge dislocation resulting after gluing both
opposite solid surfaces together can be considered as a closed slit pore. (c) In a crystal lattice with A and B layers an open
circular slit pore with radius r and thickness Hy = b is formed by removing the atoms in a circular region of an atomic
A-plane. (d) A dislocation appears if both opposite interfaces (B-planes) in the pore are glued together (after [13]). The cir-
cular dislocation line, which is considered as the borderline of the closed slit pore, is located in the x-y plane and the Burgers
vector b = (0, 0, b = Hy) is parallel to the z-axis of the Cartesian coordinate system.

W (Equation (1)) increases logarithmically with increasing radius of a cylindrically shaped elastic solid. To
avoid this divergence, we consider a circular slit pore with radius r and thickness b = H,. The corresponding
model in solid state physics is a closed circular dislocation line. Thus, using an approximate expression known
from dislocation theory, the elastic energy required to close the pore is [13]

W, :Lzrm(ﬂj @
41-v*) (n

This energy may be compared with the adhesion energy of the solid-solid contact W, = ar’w , which is re-
quired to reopen the slit. w can be considered as the adhesion energy per unit area for two planar solid surfaces
immersed in water.

We expect that the slit pore is open if W, > Ws, and completely closed if Ws > W,,. Hence, equation W, = Wy
defines a threshold value b, at which the pore is completely closing. Instead of b,, we can also evaluate a thre-
shold value E, for Youngs’s modulus

~ 4n(l—v2)rw

S0 = b*In(2r/r,) ®

where b = Hy is the width of the open pore without condensed water. If E < E, the closed pore is stable, whereas
for E > E, this pore configuration is unstable. In the case w = 0.1 Jm? r=10nm,b=1nm,v=0.3and r, = 0.3
nm, we obtain E, = 40 GPa. If we assume that w results from van-der-Waals interactions, the value of w may be
obtained from the Hamaker constant. In this case, w is estimated to vary in the range between 0.005 J/m? and
0.01 J/m? [14], and then the threshold E, is supposed to be much lower (E, = 2 GPa). Closing and reopening of
narrow slit pores in hardened cement pastes could be driven by the dependence of Young’s modulus E on air
humidity. The elastic modulus of Portland cement at 100% relative air humidity was found to be about twice
times larger than its value at relative humidity smaller than 20%. Hence, narrow slit pores with appropriate as-
pect ratios b/2r could be open at high air humidity and closed at low air humidity.
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Equation (2) can be generalized to the case of a slit pore that contains one or a few water layers. Micropores
with pore wall distances H lower than one nanometer are ubiquitous in cement-based materials. Let Hy be the
width of the force-free open slit pore which contains no condensed water. The wall distance adapts to the
layered water which produces a compression force. When a pore is not completely closing and the slit still con-
tains one or a few water layers, the wall shift b is smaller than Ho. Thus, inserting b = Hy — H into Equation (2),
we obtain the elastic energy for the partially compressed circular slit pore

Wel = E(HO—_F:)r In [Ej (4)
4(1-v*) fy

3. Sorption Hysteresis

The evaluation of the threshold value of Young’s modulus E, (Equation (3)) for closing and reopening a slit
pore neglects the tension of condensates on pore walls. In a previous paper [11] we have demonstrated how
closing and reopening of slit pores in soft solids can produce sorption hysteresis, when capillary forces of the
condensate are taken into account. Conventional capillary forces, which are supposed to be the driving force for
the shifting walls of slit pores, are sufficient to close narrow slit pores in soft solids. In more rigid materials such as
hardened cement pastes the capillary pressure obtained from a macroscopic description is too weak to close pores.
However, Monte-Carlo simulations suggest that the tension exerted by adsorbates on the walls of micropores
could be much larger than predicted by the classical theory of capillarity. A theoretical description of the wall
tension for slit pores can start from the grand potential Q that includes contributions resulting from the interac-
tion between adsorbate molecules and substrate-adsorbate interactions. In the present case, where the pore can
change its width, we add the elastic energy contribution W, produced by the deformation of the solid skeleton.
Let us first consider a closed circular pore as a reference state. According to Equation (4), the elastic energy per

unit area is
chosed 1 2
Zclosed _ = |0 5
nr? 2 0 ©®)
where the factor k is defined as
k= ;In E . (6)
2nr (1— vz) I

If the pore opens and the distance between the walls increases, work must be done to overcome the attractive
forces between the pore walls. The work per unit area w(H) may be evaluated by Monte-Carlo simulations of a
grand canonical ensemble [8]. Thus, the grand potential per unit area is written as

Qopen ( H )

2

1 2
o =W(H)+Jk(Ho-H) Y]

Mechanical stability of the open pore configuration requires that 0Q
equation for the reduced pore width

(H)/éH =0. Thus, we obtain an

open

H
H g, PH) ®
HO pO
where po = Hok is a constant and
ow(H)
H)=_ 9
p(H) v )

is the tension of the condensate exerted on the pore walls. Obviously, the slit pore is completely closed if p(H) <
—po. Let us assume that the pore is partially open. The condition for a minimum of the grand potential necessary
for the stability of the open pore, 8°Q,, (H )/aH 20, yields

op(H)
oH

open

<k. (10)



P. Schiller et al.

If more than one minimum of Q. (H) exists, the value of H with the lowest thermodynamic potential
Qe ( H) corresponds to the absolutely stable pore configuration. However, hysteresis is only possible when
the system can remain trapped in a metastable state, which corresponds to a minimum but not the absolute
minimum of the thermodynamic potential Q(H).

Let us first discuss the mechanism of pore closing and reopening in the framework of the conventional ma-
croscopic theory of capillarity. This macroscopic theory could be applied to porous soft solids. In a previous
paper we have shown that empty slit pores embedded in a soft elastic solid are not stable if the wall distance Hg
is lower than a critical value [11]. Thus, narrow slit pores are either filled with condensate or they are closed (H
= 0). Here, we assume that Hy is sufficiently small, and the unstable empty state of the pore can be disregarded.

3.1. Sorption and Deformation Hysteresis for Slit Pores Embedded in Soft Solids

Broad slits of soft solids can be closed by the compression force exerted by a condensate. In this case, the ma-
croscopic classical theory of capillarity is appropriate to describe hysteresis. Starting from Equation (7), the
contribution w(H) to the grand potential is [9]

w(H)=w-pH (11)
where
p=pkTIn(m) (12)

is the condensate pressure. Here, p denotes the number density of the condensate, k the Boltzmann constant, T
the temperature and m the relative humidity of the water vapor, which is in thermodynamic equilibrium with the
condensate in the slit pore. Obviously, as long as the pore is completely filled with condensate, the condensate

pressure p is independent of H, i.e. we have p(H )= p. Using Equations (5) and (7), we define a scaled ther-
(H)-@

open closed

modynamic potential o(H ) = (Q )/nrzw. Furthermore, after replacing H in w(H) by

H =H,(1+ p/p,) (Equation (8)), we arrive at

2

a)(p)zl—K(l+£j (13)
Po

where K = kH§/2W is a dimensionless parameter. Taking into account that p, = kH,, this parameter can also

be written as

K = oPo (14)
2w
In Figure 3 the reduced pore wall thickness H/Hy is plotted versus the reduced condensate tension p/p,. The
pore is open and filled with condensate if a)( p) <0 (line a — d), and along the line d — b (metastable states).
Completely closing and partially reopening of a pore occurs if K > 1, and if the reduced condensate tension
p/P, o< In(m) varies in the range

RPN (15)

Py JK
For considering the hysteresis in more detail, it is useful to introduce the notation I1=p/p, for the scaled
condensate tension (IT<0). At II, = —1+]/\/R a closed pore must reopen, and for IT>II_ the open pore

configuration is absolutely stable (a)( p)< 0). Figure 3 illustrates the hysteresis loop accompanied with pore

closing and reopening. At a starting point IT>1I1,, when the conditions K > 1 and —1+]/«/R<H <0 are

satisfied, the pore is open. Increasing the magnitude of pore pressure IT along the path a — b the reduced pore
thickness gradually decreases to zero (Equation (8)). The condition of mechanical stability (Equation (10)) is
always satisfied. At point b, where H is equal to zero and the pore is closed, the contribution of the surface
energy term w (first constant term 1 in Equation (13)) disappears in the thermodynamic potential a)( p), and
co( p) switches from 1 (point b) to zero (point e in Figure 3). After arriving at the closed configuration e, the
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Figure 3. Reduced pore wall distance H/H, and thermodynamic potential «(p) versus the reduced wall tension IT = p/p,. The
arrows indicate the path of the hysteresis loop.

pore remains closed even after a slight increase of I1. If the pore partially reopened, the reduction of elastic
energy would be lower than the expenditure of surface energy w. Thus, the pore remains closed along the line e
— c. However, if TT is larger than TI, =TT, =-1+1/¥/K , the thermodynamic potential difference @(p) be-
comes negative and the partially open pore has a lower grand potential than the closed one.

Thus, the reduced pore width H/H, switches from zero to ]/\/K , Which corresponds to the transition ¢ — d
in Figure 3. The path along the hysteresis loop d - b — e — ¢ — d can be repeated without causing any dam-
age in the material, since only elastic deformations of the solid occur.

3.2. Sorption and Deformation Hysteresis in the Case of More Rigid Solids

Equation (11) for potential w(H) provides us only a crude macroscopic description. Broad pores embedded in ri-
gid materials with Young’s modulus larger than a few GPa do not close when the relatively weak pore tension
evaluated by Equation (12) is exerted. In rigid solids such as hardened cement pastes broad slits with wall dis-
tances exceeding a nanometer cannot close. The evaluation of the strong condensate tension p(H) in narrow
pores requires the application of a microscopic theory. A recent neutron scattering study confirmed that the dis-
tance H between hydrated calcium silica layers of the lamellar C-S-H structure increases with increasing water
content [1]. This observation suggests that the tension p(H) between C-S-H layers should depend on the relative
humidity (m) of the atmosphere. Using Monte-Carlo simulations for a grand canonical ensemble, Bonnaud et al.
[8] obtained some numerical data for the tension p(H) exerted on the pore walls of slits by layers of water in
combination with divalent cations in a C-S-H phase.

Unfortunately, in [8] only one curve that shows the dependence of the tension p(H) on H in the range
0<H <1nm is published. This curve refers to the case of maximal relative humidity (m = 1). The values of
p(H) are found to be monotonously increasing in the range between —20 GPaatH =0.1 nmand -3 GPaatH =1
nm. A sketch, which shows roughly the qualitative features of the function p(H), is illustrated in Figure 4 (curve
a). Let us assume that at the pore wall distances H = H; and H = H, the slopes 8p(H )/6H of the depicted tan-
gents are equal to k. Then, taking into account the stability condition (Equation 10), the slit pore should be stable
for H < H; and H > H,. A pore width in the range H; < H < H, is mechanically unstable
(ap(H )/aH > k). Pores with wall distances in the unstable region cannot exist. When the limits H = H; and H
= H, of stable pore width regions are crossed, the pore wall distance H must jump towards a stable state. Usually,
discontinuous transitions are accompanied with hysteresis. Thus, we expect hysteresis if the pore tension p(H)
varies and crosses the stability limits p(H;) and p(H,). A complete elucidation of the hysteresis behavior of a
pore requires a detailed knowledge of the function p(H) in dependence on relative humidity m. Let us estimate
the range of the hysteresis region for the condensate tension data p(H) simulated by Bonnaud et al. [8] for a pore
width Hy = 1 nm. Assuming reasonable values for the Young modulus (E = 40 GPa), aspect ratio of the slit
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P(H)

Figure 4. Condensate tension p(H) versus the wall distance H of slit pores. In case a the slit pore is mechanically unstable in
the range H; < H < H,. Curve b shows a possible function p(H) for a slit pore which is mechanically stable in the whole
range of H.

(2r/H, = 10), cut-off radius (ro = 0.3 nm), and Poisson’s ratio (0.3), we obtain k = 5 GPa/nm. The condition
op(H)/oH >k leads to a hysteresis region for H in the range 0.1 nm < H < 0.6 nm. At lower values of
Young’s modulus (E = 20 GPa) the hysteresis region is slightly broader. Curve (b) in Figure 4 shows the func-
tion p(H) for a stable pore, if the stability condition 8p(H )/6H <k holds in the whole range of H. A pore of
this type could continuously close and reopen without any hysteresis by varying the condensate tension p(H).

4. Summary and Conclusions

Sorption hysteresis at moderate and low humidity, which is often observed in cement based materials, could be
explained by strong cohesion forces which attract the walls of narrow slit pores. The theoretical model presented
here suggests a possible mechanism that can lead to a sorption hysteresis loop accompanied with a related loop
of the pore volume change. Evaluating the elastic energy of closed slit pores, the attraction force between pore
walls was found to be sufficiently large to close narrow slit pores. Monte-Carlo simulations and experimental
results suggest that the attraction force between pore walls is substantially stronger than the conventional capil-
lary tension predicted by the macroscopic theory of capillarity [8]. This strong attraction originates from diva-
lent cations such as calcium ions, which are solved in the condensed water. The surface energy attributed to the
adhesion between two solid interfaces can stabilize the closed configuration of narrow slit pores.

According to the elasticity theory, closing and reopening of slit pores depends on the Young modulus E, the
slit thickness Ho, the aspect ratio 2r/H, of the pore and the adhesion energy w of the solid surfaces. If a parame-
ter Koc EHj/wr is smaller than a certain threshold value, a closed slit pore remains permanently sealed.
However, if the value of K exceeds this threshold, a closed slit pore can reopen after reducing the magnitude of
the scaled condensate tension I1= p/p, . In the case of broad slit pores the tension IT cc In(m) can be con-
trolled by changing the relative humidity m (Equation (12)). In narrow slits the dependence of the tension IT on
the relative humidity m is weaker than that in broad slits [8].

However, apart from changing IT, a closed slit pore can also reopen when the stiffness of the solid skeleton is
increasing. Actually, the modulus of elasticity at the saturation point of water vapor (m = 1) was found to be
about twice as high as its value at m = 0.2. Thus, micropores can reopen when the stiffness of the solid skeleton
increases with increasing relative humidity. Hardened cement pastes have a relatively large Young modulus. We
expect that only narrow slit pores of these rigid materials can deform remarkable and produce hysteresis loops at
low humidity. According to the microscopic description of the condensate-induced pore compression, a neces-
sary condition for hysteresis is that the condensate tension p(H) varies and crosses stability limits H; and H,
(Figure 4), where the equation ap(H )/GH =k holds. The elucidation of the hysteresis behavior requires more
detailed knowledge about the dependence of p(H) on the relative humidity m. Our theoretical approach is fo-
cused on narrow slit pores embedded in soft and moderately rigid solids. Narrow slit pores are supposed to occur
in cement-based materials. For example, the Feldman-Sereda model for hardened cement pastes postulates nar-
row slit-like pores filled with an aqueous condensate. Jenning’s model of cement pastes could lead to similar
results on sorption hysteresis if physically bound water in globules is considered as a condensate in narrow slit
pores. We suggest that in this case the definition of the material parameter k (Equation (6)) should be replaced
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by k = E/L [11], where L is the diameter of a globule.

It should be noted, however, that there are also other attempts to explain low-humidity sorption hysteresis
without changing the pore volume in cement pastes [15] [16]. It would be interesting to check experimentally
whether wall distances of narrow slit pores in hardened cement pastes are changing by varying the humidity.
Such a check could be possible by using the small angle neutron scattering method described by Chiang et al.

[1].
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