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Abstract

This review discusses the thermodynamics of crystallization within porous materials and the factors that influence stress development
and cracking. The maximum driving force for crystallization is related to the supersaturation for crystals growing in solution, and to the
undercooling for crystals growing from a melt. However, the stresses generated on the pore walls depend on other factors, including the
pore size, the energy (vy,,) of the interface between the pore wall and the crystal, and (for acicular crystals) the yield stress or buckling
strength of the crystal. The fact that growing crystals push particles over large distances indicates that vy, is often large. If y., were small,
crystals would tend to nucleate on pore walls rather than pushing them away, and the crystals would propagate through the pore network
without resistance. Even when the crystallization pressure is large, the stress existing in a single pore cannot cause failure because it acts
on too small a volume. For fracture to occur, the crystals must propagate through a region of the network large enough that the stress field
can interact with the large flaws that control the strength. In concrete, growth on this scale requires that the driving force be sufficient to
permit the crystals to pass through pores as small as the breakthrough radius (which is the size of the entry into the percolating network of
larger pores that controls the permeability of the body). © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction play a central role in such seemingly diverse phenomena as
crystallization pressure, particle pushing by crystals, and
heterogeneous nucleation. Whereas the upper bound on the
crystallization pressure is set by the supersaturation (for
salt) or undercooling (for ice), there are lower bounds re-
lated to the interfacial energies and pore sizes in the system;
for acicular (needlelike) crystals, the yield stress or buckling
stress must be considered. The pressure in a single pore
does not indicate whether cracks will grow; the crystals
must exert stress within a volume large enough to contain a
strength-limiting flaw, so gross damage is not expected until
the crystals propagate through the pore space.

Growth of salt crystals in the pores of stone or masonry
generates stresses that can lead to serious damage [1,2];
similarly, growth of iceisamajor cause of deterioration [3].
In many cases, it is not feasible to prevent the ingress of the
crystallizing solution, so it is essential to prevent the nucle-
ation and growth of crystals or to provide protection that al-
lows the porous material to accommodate crystallization
without harm. To do this, it is necessary to understand the
mechanisms by which damage is produced. For example,
recognition of the role of hydraulic pressure in freeze/thaw
damage [4] led to the introduction of air voidsinto concrete.
To protect natural materials or existing structures that are
experiencing deterioration, the only recourse (if ingress can- 2. Theoretical background
not be stopped) has been to apply a coating that provides
strength or water-repellent properties [5]; we will argue that
it would be useful to provide a coating that reduces the in-
terfacial energy between the crystal and the pore wall.

In this review, we examine the mechanisms by which
stress is generated in a porous body, with particular atten-
tion on the processes occurring at the interface between the
crystal and the pore wall. The interfacial energy is shown to

The thermodynamics of crystal growth has been thor-
oughly analyzed over the last century [6-8], so the genera
principles are well understood. However, there are many is-
sues that have not been clearly discussed in the literature,
including how stress is exerted at the interface between a
crystal and a pore wall, how the interfacia energies and
pore size distribution influence the stress, and how the stress
relates to crack growth. These and other issues are ad-
dressed in this section. The implications for control of dam-
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2.1. Driving force for crystallization from the melt

2.1.1. Hydrostatic pressure

A large crystal of ice immersed in water at 0°C has no
tendency to grow or melt, because the chemical potentials
of the ice and water are equal. If the temperature is de-
creased, then the ice tends to grow, because its chemical po-
tential is lower than that of the water. To prevent it from
growing, it is necessary to impose a compressive stress on
the crystal. The chemical potentials of the liquid and crystal
(ny and ) are related to their respective molar volumes (v,
and v,;) and molar entropies (§ and ) by the Gibbs-Duhem
equation [9]:

dy, = —SdT +vdp, (1a)
dp-c = _Sch + Vcdpc (1b)

At equilibrium, dw, = dp.; if pressureis applied to the crys-
tal but not to the liquid (dp, = 0), then Eq. (1) requires
Eq. (2):

Pa T - S
- B

where T,, is the melting point of alarge, unstressed crystal
at pressure p, (the pressure of the triple point, where liquid,
crystal, and vapor are in equilibrium) and T is the equilib-
rium melting temperature under applied pressure p,; thus:

T
Pa—Pe = IT AS; dT = AS; AT 3

where AS, = (§ — S)/v, is the entropy of fusion per unit
volume of crystal (>0); the approximation applies when the
undercooling, AT = T,, — T is not too large. This equation
means that the work done by the mechanical pressure is
equal to the free energy difference between the crystal and
liquid, so the growth is arrested. Since AS, = 1.2 Jcm? « K
for ice [10], it requires a pressure of 1.2 MPa per degree of
undercooling to prevent the crystal from growing.

2.1.2. Curvature
A small crystal experiences compressive stress as aresult
of its surface energy. If the curvature of the crystal/liquid in-
terface (ky) isgiven by Eq. 4
1. 1
= — 4+ =
Kel rl r2 (4)
wherer, and r, are the principal radii of curvature, then the
capillary pressure inside the crystal (p.) is given by
Laplace' sequation [9,11,12]:

Pc = P + YeiKel (5)

where p, is the pressure in the liquid. [ The radius of curva-
ture is defined as positive when the center of curvature lies
within the body, as it does in a spherical crystal; for a con-
cave crystal, the center of curvature is outside the body, and
the curvature is negative.] The energy of the water/ice inter-
faceis estimated to be ~0.04 Jm? [13], so a pressure of 1.2

MPawould exist in a spherical crystal with aradiusof r; =
r, =67 nm. From Egs. (3) and (5) we find that (when p, =
p.) the equilibrium melting point for such a crystal differs
from that of alargeflat crystal

~ ycIKcI
AS;,

This indicates that the equilibrium melting temperature of a
crystal with a positive curvature is lower than that of alarge
flat crystal; a spherical crystal of ice with aradius of 67 nm
would melt at any temperature above —1°C.

2.1.3. Polyhedral crystals

Many crystals have anisotropic surface energies, with a
unique value v; for the ith family of crystal planes. In such
cases, the equilibrium shape for the crystal is not a sphere,
but a polyhedron called the Wulff shape: if the distance
from the centroid of the crystal to the face of typei isr;,
then at equilibrium the quantity +;/r; is a constant [12].
Therefore, for apolyhedral crystal, EQ. (5) becomes Eq. (7):

2V.

Pe = P+ il @)

r

AT (6)

where i can refer to any of the faces of the crystal, and r; is
the radius of the inscribed circle tangent to the face with
surface energy v;. As asimple illustration, consider a cubic
crystal (such as NaCl). To find the work that would have to
be done to cause a change in surface area of the crystal, we
would write

N
pdV = % yidA; = 6y,dA; 8
i=1
where the sum is over al types of faces in the crystal, and
the second equality reflects the fact that all six faces of the
cube are identical. If the distance from the centroid of the
crystal to the faceisry, then A, = 4 r,? and dA;, = 8r,dry;
the volume of thecrystd isV = 8r,3, sodV = 24r? dr,, and Eq.
(8) leads to Eq. (9):

_ 6y, (8r,dr,) _ 2
24rfdrl ry

An equivalent result would be obtained for a parallel epiped
with faces at distancesr, r,, and r5 from the centroid; in that
case, the pressure can be written as 2v,/r; withi = 1, 2, or 3,
since the ratio is identical for al faces in a crystal with the
equilibrium (Wulff) shape. In the remainder of this paper
we will relate the thermodynamics of the crystal to its cur-
vature, without further reference to the actual crystal shape,
recognizing that equivalent expressions can be written in
terms of the quantity ~,/r; for polyhedral crystals.

©)

2.1.4. Nonhydrostatic stress

Suppose that a cubic crystal is subjected to mechanical
stresses o, and o, on the faces perpendicular to the x and y
axes, respectively, and is exposed to a melt on the z face;
there is no mechanical load on the zface, but it isin contact
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with aliquid at pressure p,. Gibbs [7] showed (see Appen-
dix) that the melting point is shifted according to Eg. (10):

ASdT = —o,de,—0,de, (10)

where e, and €, are the elastic strains along the x and y axes.
(The negative sign in front of o, is required by the conven-
tion that compressive pressure is positive, but compressive
stressis negative.) If o, = o, and the crystal obeys Hooke's
law, then [see Eq. (11)]

J’:mASﬁ,dT = 7 20,de, = —J'z*zcxgl%"gdox (11)

where E is Young's modulus and v is Poisson’s ratio. The
result for a crystal under biaxial stressis

2
1-v)o T
(—T)—X = J’T AS; dT = AS; AT (12

Forice E= 9 GPaand v = 0.33[14], and AS, = 1.2 MPa/
°C, so astress of o, = 127 MPawould be required to reduce
the melting point by 1°C. Thisis very different from the ef-
fect of pressure described by Eq. (3), because Eq. (12) refers
to the change in melting point of the unstressed face that is
in contact with the melt; the stressed face is not in contact
with the melt.

Gibbs showed [7, p. 196] that if different faces of agiven
crystal are subjected to different pressures, then equilibrium
requires that the chemical potentials (free energy per mole)
of the liquids in contact with those faces must differ

Ap = veAp, (13)

In the example of the preceding paragraph, the differencein
pressure applied to the x and z facesis Ap, = o, s0 if both
faces were exposed to the melt, then the temperatures of the
liquidsin equilibrium with each face would differ by

o
AT = X (14)
AS,

Thus, for ice, the temperature of the liquid would have to
differ by 1°C for every 1.2 MPadifference in applied stress
(AT < 0O for compressive stress, o, < 0). Consequently, if
both the stressed and unstressed faces were exposed to the
same liquid, then there would be no equilibrium. For exam-
ple, if the temperature is held at T,, (so that an unstressed
crystal isin equilibrium), then a compressed face will melt
according to Eq. (14); moreover, the unstressed face will
melt according to Eq. (12). In an adiabatic system, the melt-
ing of the stressed face will tend to lower the temperature of
the liquid, leading to growth of crystal on the unstressed
face (which has a smaller AT than the stressed face). If the
unstressed face acquired a curvature (asillustrated in Fig. 1)
such that [see Eq. (15)]

Pc = P + YeiKe = —Ox (15)

then the crystal would be in mechanical equilibrium, be-
cause the pressure from the curvature would be equal to the
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Fig. 1. Crystal subjected to auniaxial mechanical stressa, isin equilibrium
when the curvature of the unloaded faces satisfies Eq. (15).

applied mechanical load, so the crystal would be under a
uniform hydrostatic pressure. However, both faces are at
temperature T,,, so the crystal would melt away while re-
taining a uniform curvature; if T were reduced so as to sat-
isfy Eq. (6), then the crystal would be in equilibrium, and
the shapein Fig. 1 would be stable.

2.2. Driving force for crystallization from solution

For crystals growing from solution, the chemical poten-
tial difference between the crystal and the liquid is[12]

Ap = RyT In(a/a,) (16)

where R; istheideal gas constant, a isthe activity of the so-
lution, and &, is the activity of asolution in equilibrium with
alarge crystal. If the activity coefficients are ignored, Eq.
(16) can be written in the approximate form

Ap = RyT In(C/Cy) 17

where C is the concentration of solute and C is the equilib-
rium solubility. If the solution is supersaturated (C > C),
then the hydrostatic pressure that would have to be applied
on the crystal to suppressits growth is

P = Py In(C/ Cy) 18)

For sodium chloride (v, = 24.55 cm3/mole), the pressure
would have to be ~30 MPato suppress growth at 20°C if C/
Cy = 2 (i.e, if the solution is supersaturated by a factor of
two). Supersaturation of that magnitude can easily result
from evaporation of water from a solution, so very large
pressures could be required to suppress the growth of a
crystal in apore.

A small crystal is under pressure caused by its surface
energy, so Egs. (5) and (18) indicate that equilibrium re-
quires

-
YoKe = R%'n(C/Co) (19)

This means that a small spherical crystal is in equilibrium
with a higher concentration than a large flat crystal. For ex-
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ample, if y4 = 0.1 Jm?, then acrystal with radius ~6.7 nm
would be in equilibrium with atwofold supersaturation and
would be under a capillary pressure of ~30 MPa.

If each face of a crystal were subjected to a different
pressures, then each face would be in equilibrium with a so-
Iution of adifferent concentration. According to Egs. (13) and
(17), the pressures and concentrations would be related by

_ R (Pc)
Ap, = g%gamg:—co . (20)
If the pressure is o, on one face and o, on another, then Eq.
(20) becomes Eq. (21):

T rC(o,)
0,-0, = %gn[ - (Gy)} (21)
or Eq. (22):
C(0,) = Co,)erp] 2] @)

Now, if oy, = p,, then C(oy) = C, and Eq. (22) reduces to
Eq. (23):

C(o,) = Coexp[—;);\;f} (23)

For sodium chloride, if o, = —30 MPathen C(o,) = 2C,; if
a crystal in a solution with concentration C, were under a
compressive uniaxial load of this magnitude, the loaded
face would dissolve, and the solute would precipitate onto
the unloaded face. Mechanical equilibrium would be re-
stored, asin Fig. 1, if the unloaded face acquired a curvature
Kg Such that o, = —vy Kg; if the concentration of the liquid
remained below 2C,, then the crystal would dissolve, but if
dissolution raised the concentration of the liquid to 2C,,
then equilibrium would prevail and dissolution would stop.

2.3. Growth into a pore

Fig. 2 shows the shape of a crystal entering a cylindrical
pore whose radiusisr,,. The contact angle between the crys-
tal and the pore wall is 6, and the curvature of the crystal/
liquid interfaceis[9]
_ _2cos(6)

cl —
rP

According to Eq. (5), the capillary pressurein the crystal is
2y cos(0)

"p

If 6 > 90°, then cos(8) < 0, so the pressure is positive and
the equilibrium melting point is reduced according to Eq. (6). The
maximum pressure in the crystal occursin cases where 6 =
180° (i.e., where the crystal is completely nonwetting, mak-
ing no contact with the wall); in such cases, Eq. (25) should
be modified to take account of the thickness (8) of the un-
frozen film as shown in Eq. (26)

2y
PP =25
p

(24)

Pc—B = (25)

(26)
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Fig. 2. Shape of crystal entering a cylindrical pore with radiusr,, the con-
tact angle between the crystal and the porewall is6. (a) 6 > 90°; (b) 6 < 90°.

If 6 > 90°, acrystal cannot enter a pore at T,,,, and the
smaller the pore, the lower the temperature that is required
to permit entry; from Egs. (6) and (24), the crystal can enter
the pore when [see Eq. (27)]

2Vcl COS(S)
oSy,

On the other hand, if the contact angle is <90°, then
cos(0) > 1, and the melting point is not depressed. In such
cases, the crystal can freely enter the pore at the usual melt-
ing point; in fact, Eq. (27) indicates that the crystal would
be stable against melting above T,, [15]. In general we ex-
pect 6 > 90°, so that crystals do not propagate through a po-
rous material unless undercooled; however, if there were a
porous material such that 6 < 90°, then crystals would prop-
agate through the pores at T,,, without resistance.

AT= (27)

2.4. Particle pushing

It has long been known that crystals can push away parti-
cles suspended in the liquid [16]. Corte [17] showed that ice
could lift a heavy load of particles, indicating that a liquid
film was sustained between the crystal and the particles as
the ice advanced; he also found that there was a critica
growth velocity beyond which a particle would be captured
by the ice, and the critical velocity was greater for smaller
particles. These phenomena were explained by Uhlmann et
al. [18], who pointed out that there can be a repulsive inter-
action between the crystal and particle arising from interfa-
cial energy: if the energy of the interface between the parti-
cle and the crystal (y.) is greater than the sum of the
energies of the crystal/liquid (yy) and particle/liquid () in-
terfaces, then the energy of the system would increase if
contact occurred. That is, there is a chemical potential pro-
portional to v — (v4 T+ 7vg) @vailable to prevent contact.
This chemical potential draws liquid into the gap between
the crystal and the particle, allowing the crystal to continue
growing and pushing the particle away. However, if the
growth rate istoo high, then the available chemical potential
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is not sufficient to suck liquid into the gap fast enough; in
that case, the crystal cannot grow as fast behind the crystal
as it can where no particles are present, so the crystal en-
gulfsthe particle (i.e., the critical velocity is exceeded). The
larger the particle, the more difficult it is to provide a suffi-
cient flow of liquid into the gap, so the critical velocity is
lower for larger particles. This phenomenon is the cause of
frost heave [15,17], where large crystals of ice grow in
pockets of water and push soil particles out of the way; the
pressures that can be generated are great enough to damage
roadways and they result entirely from the interfacia in-
compatibility of ice and soil.

The fact that crystals can push particles over long dis-
tances clearly indicates that thereisafilm of liquid between
them. The repulsive forces acting within the film can be of
severa kinds. A repulsion can result entirely from van der
Waals forces when two different solids are separated by a
liquid, but this requires that the Hamaker constant of the lig-
uid lie between those of the two solids[19]. The latter situa-
tion is commonly observed in organic systems [20], and the
tendency of a crystal to push or engulf a particle correlates
extremely well with the difference in interfacial energiesin
such systems [21]. The force of interaction of condensed
phases 1 and 3 across aliquid medium 2 depends on the Ha-
maker constant, A,,5; a useful approximation is provided by
the following formula[19, p. 184]:

A~ SKT[f1~€Cqirfa—€q
1287 4 Ql + 64]&2 + ep

3hv, (n—n3)(n5—n3)

+
8:2(n + n2)(n2+ nd)[(n% +n2) " * + (n+n2) "7

(29)

where k = Boltzmann's constant, h = Planck’ s constant, v, =
main electronic absorption frequency in the ultraviolet (=3 X
10" s71), and ¢; and n; are the static dielectric constant and
refractive index of phase j. Taking ice as phase 1 and water
as phase 2, we can find Ay, for avariety of solids, with the
results shown in Table 1; the negative values indicate that
an ice crystal would repel the oxides listed there, although it
would attract a particle of ice. The energy of interaction W
between a particle of radius R and a planar ice crystal at a
separation of D isgiven by [19, p. 177]:

AR

W = _6_D (29)

The resulting pressure exerted on the particle is approxi-
mately

1dw_ A
Pvaw= —>775 = iag (30)

The pressure exerted by a particle owing to gravity is ap-
proximately

Tablel
van der Waals interaction energies between ice and various oxides

Substance g nP At (10721 )) p? (MPa)
Watere 80 1.333 - -

Ice 110 1.309 +1.00 +11.8
Quartz® 38 1.448 -1.20 —14.2
Mica® 7.0 1.60 —-211 —24.9
Alumina® 11.6 1.75 —2.94 —-34.7

agtatic dielectric constant; Prefractive index; “Hamaker constant for in-
teraction of ice with substancein first column through water, from Eq. (28);
dpressure calculated from Eq. (32); negative val ues indicate repulsion; ¢data
from [19]; 'Data from R.C. Weast and M.J. Astle, eds., CRC Handbook of
Chemistry and Physics, 62d ed., CRC Press, Boca Raton, FL, 1981.

_ Ppg(4TR’/3) _4pgR

\% 2 3
TR

For a 10-pm particle of quartz, the gravitational pressure
given by Eq. (31) islessthan that given by Eq. (30) for any
separation D < 4 nm, so the ice could easily lift such a par-
ticle just by van der Waals repulsion; theice would ride on a
film of water afew nanometers thick.

The Hamaker constant given by Eq. (28) aso is related
to the pressure that would be required to push planar sur-
faces of materials 1 and 3 into contact, displacing liquid ma-
terial 2, [19, p. 197]:

Pgra (31)

— A1233 (32)
61D,
where Dy is the distance of closest approach (D, = 0.165
nm). Table 1 shows that the pressure required to push ice
into contact with several oxides is on the order of tens of
MPa, and this calculation takes account only of the van der
Waals forces.

The values of surface tension calculated from the Ha-
maker constant are accurate for nonpolar liquids, such as al-
kanes, but are underestimates for polar liquids, metals, and
other materials for which the van der Waals forces make a
minor contribution to bonding [19]. For such materials, hy-
drogen bonding and other factors dominate the surface en-
ergy, so that the energies calculated from Eq. (29) may rep-
resent a small part of the repulsion (or attraction) between
materials, for water, van der Waals interactions are respon-
sible for only ~25% of the surface energy [19]. All of these
factors (such as polar interactions) are capable of exerting
force across a film of liquid, so they permit a crystal to de-
tect and repel (or attract) an obstacle, such as a particle.
Similarly, these forces allow a crystal to detect the presence
of aporewall before making physical contact; if the interac-
tion isrepulsive, the crystal triesto push the wall away, just
asit would push a particle of the same substance. Just asthe
crystal would sustain afilm of liquid between itself and the
particle, it will sustain afilm between itself and the pore wall.

The ability of acrystal to repel a particle is enhanced by
digoining forces, such asthe hydration forces created by or-
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dered layers of water molecules [19] and by electrostatic re-
pulsion [22]. The width of the gap between the crystal and
particle is likely to be small enough that electrostatic forces
are less important than hydration forces, which predominate
within a few nanometers of a surface; this is particularly
true at the high salt concentrations required for precipitation
of crystals from solution.

2.5. Sress on the pore wall

Fig. 2 shows crystas advancing into cylindrica pores with
different contact angle, 6. The energy of the crystal isminimized
if the curvature of the advancing surface of the crystal is[9]

g = 2 @)
P

If 6 = 180°, then the tip of the crystal is hemispherical and

there may be a film of liquid between the crystal and the

wall; for any 6 < 180°, there is direct contact of the crystal

with the wall. According to Eqg. (5), the capillary pressure

inside the crystal is[EQ. (34)]

2y cos(0)

Mo

When 6 > 90°, asin Fig. 2(a), then cos(6) < 0 and p. > O;
therefore, according to Eq. (27), the crystal cannot enter the
poreunless T < T,, On the other hand, if 6 < 90°, as shown
in Fig. 2(b), then cos(6) > 0 and p, < 0, so the crystal can
freely invade the porewhen T = T,,..

The crystal shown in Fig. 3 has atip whose curvature is
given by Eq. (33), but the sides of the crystal are cylindrical,
so their curvature is 1r,,; the resulting capillary pressure is
YedTp- At equilibrium, the pressure inside the crystal must be
uniform; otherwise, material would melt or dissolve from
the region of higher pressure and deposit elsewhere. To
achieve equilibrium in acrystal in apore, the walls exert the
additional pressure required to balance the difference in
capillary pressure. The radial stress exerted by the wall on
the crystal, o, is found by equating the pressures at the tip
and the sides of the cylindrical crystal:

o 2aoos(®) _Yes

c |

(34)

[ (35)
M rp '
Thus, theradid sresson the porewadl is
Yes + 2y COS(0)
o, = E—f——-p, (36)
p

The interfacial energies are related by Young's equation or
Eq (37) [12],

Ysi = Yest VC|COS(9) (37)
s0 Eq. (36) can be written as
Y cos(8) |y
(===, (39)
p P

Now, there is atensile radial stress on the pore wall before
the crystal enters, because of the pressure in the pore liquid

GTRXHXRIXXIALHXHA LKA
R PR RSN
OOttt oo tatatetstets! Nt tetetitetetetetetatiteteteds
SRR SRR IIIIRLKK
SRR o oo e tatetetotetetatetototetels
ARRRRIRENS 2 Srsesesesesetetetetetetetetetels
RRRRLLRRES, ot tstetatatetetotetatetets
7 RRRRLELEILILL, 5 5050500020200 20 0000000 o oo
IR XL KRS
2R RS IRILLRKE LGRS r,
g e ettt oo totel Mo totatatetotets?” ordlititetotets! p
R RRRERRRRLLIKKIIKLLK KK 3558505 -
e oottt o oo tatete! otatatetototals, (orele! R =
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Fig. 3. Crystal in cylindrical pore has nonuniform curvature, since the
redius of thetipisr,, = —r/cog(6) and the sides are cylindrical with radiusr,.

and the curvature of the pore surface, and the magnitude of

that stressis given by the last two termsin Eq. (38). There-

fore, the change in stress on the wall asthe crystal entersthe

poreis

— Yel COS(G)
r

Ao (39)

r
p

When 6 = 90°, then the tip of the crystal isflat, so itsinter-
nal pressureisjust p;; in that case, Eq. (36) indicates that the
stress on the porewall is o, = y./rp, — p. Thismeans, asin-
dicated by Eq. (39), that o, does not change when the crystal
enters the pore (i.e., v = v and Ao, = 0). However, if 0
> 90°, then the wall feels an additional radial compression
caused by the crystal.

The greatest compression occurs when 6 = 180°, when a
film of liquid is present at the interface between the crystal
and pore wall. In that case, taking account of the thickness
of the unfrozen layer, the pressure at the tip of the crystal is
P+ 2v4/(r, — 8) and the pressure on the cylindrical sidesis
Yol (rp, — 8) + pi, s0 Eq. (35) is replaced by Eq. (40)

2Vcl _ Yel — o
'+rp—5_rp—6+p'_0A’e_180 (40)
which indicates that [see EqQ. (41)]
5, = —Y_ g =180° (41)
AT r,=d

where o, is the stress exerted on the side of the crystal by
the wall. The total radia stress on the wall includes contri-
butions from o ,, the pressure in the liquid, and the capillary
pressure from the solid-liquid interface:
o, = E—p,+cA=E——y°' - p,.0 = 180° (42)
ro r,—9

where the second equality follows from Eq. (41). The
change in stress on the wall when the crystal enters the pore
isanalogousto Eq. (39): Ao, = —vg/(r, — 3).

The compressive radial stress is accompanied by a ten-
sile hoop stress, oy, in the pore wall, and it is the tensile
stress that can cause damage to the body. If we model the
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pore as a cylindrical tube with inner radius r, and outer ra-

dius b, then the hoop stress at the surface of the poreis[23]:
b +r2

0y = —O, EEZT[‘E (43)

U

The porosity, P, of such astructure would be P = (rp/b)z, 5]
Eq. (43) could be written as

l+Po_ yS+yCcos(0)Dl+PD
0= rlp H @

where the second equality follows from Eq. (38). Of course,
Eq. (43) is based on a crude microstructural model; if the
pores were represented as spheres, rather than cylinders, the
relationship between o, and oy would be different [9]. In
the limit of low porosity, Eq. (43) indicates that oy = —o;
the tensile stress increases with P. If 6 = 180° and P is
small, then Egs. (42) and (43) indicate that [see Eq. (45)]:

Og = —O,

=180° _ Yol

0
Ao —
P rp—9

(45)
Thus, when aliquid film exists between the crystal and the
pore wall, the hoop tension in the wall is about half the cap-
illary pressureinside the crystal.

Eq. (44) indicates that the tensile stressin the porewall is
reduced if there is a negative pressure in the liquid. The
pressurein theliquid isrelated to the curvature of the liquid/
vapor interface, k,,, which is related to the relative pressure
of the vapor, p,:

_ _ RT oPvg
P = YKy = V_llnl:b—voD (46)
where v,, is the liquid/vapor interfacial energy. Whenever
the relative humidity is below 100% (p/p,o < 1), then there
isanegative pressure in theliquid; thisisthe casein any un-
saturated porous material. The suction in the liquid pullsthe
body into compression, and the crystal has to overcome that
compression in order to do damage.

2.6. Acicular crystals

When an acicular (needle-shaped) crystal grows across a
pore, it can exert stress at each end of the crystal, aslong as
thereis adriving force for growth and ye > vy4 + v4. Con-
sider the crystal in Fig. 4, with radius r, and length equal to
the pore diameter, 2r; it is growing in a pore filled with a
supersaturated solution. The crystal pushes on thewall if the
Wulff criterion discussed previously dictates an equilibrium
half-length L > r,,. The equilibrium radius of a crystal with
length 2r, would ber,” = r,y4/v,, Wherey, isthe energy of the
lateral crystal/liquid interface and v, is the energy of the end
face. The pressure exerted by the wall to prevent the crystal
from increasing its length from rj, to L must be the same as
the pressure that would be required to reduce the radius
fromr, tor,’, because these changes represent equal depar-
tures from equilibrium. Since the internal pressure on every

Fig. 4. Acicular crystal with length 2r; and radius r, growing in pore; the
equilibrium half-length is given by the Wulff criterion, y,/r, = v./L.

surface of a polyhedral crystal is given by Eq. (7), the pres-
sure exerted by the end of the crystal on the porewall is

ML _1n_ 21 2y

o, = 2\,15}—1—%,D =TT (47)

P
This stresswould be zero if r, were equal to the equilibrium
half-length of the crystal, but it is compressive whenr, < L.
The stress from Eq. (47) cannot be inserted into Eq. (43),
because it is not uniformly applied to the pore wall, but ex-
ists only on the surfaces of contact (each with areawr,?).

There are two additional factors that might limit the
stress applied on the walls by an acicular crystal: the yield
strength (o) of the crystal and the tendency to buckle. If the
crystal yields, then it will spread laterally in the pore, asin-
dicated in Fig. 5(a). If the crystal spreads to the extent that it
fills the pore, then the stress it can exert will depend on
the curvature of the pore entry, asindicated in Fig. 5(b); the
stress in this case is described by the equations given in the
previous subsection.

If the crystal does not yield, then it might buckle. The
critical stress (o) at which a long thin crystal buckles is
given by the Euler condition, shown in Eq. (48) [24]:

°E
(h/r)?
where E is Young's modulus and h/r istheratio of length to
radius of the crystal. When h/r = 10, this reduces to o, =
E/10, which is much greater than the yield stress of most
crystals. For ice and alkali halides, the ratio of the yield
stress to Young's modulus is ~0.01 [25], so buckling is
more likely than shear only if h/r exceeds about 30. In fact,
the crystallization pressure is unlikely to exceed the yield
stress, since o, is about 85 MPa for ice and 200-350 MPa
for alkali halides [25], and this exceeds the available driving

force except at extreme supersaturations or undercoolings.
Thus, it seems that acicular crystals will be able to exert
a stress limited only by the driving force and interfacial en-
ergy; buckling will occur only for extremely long needles.
Of course, the force exerted on the pore wall is not very
great if the crystals only touch in a few points. If the same
crystal filled a small void so that it could exert force on the
whole surface, it could generate a greater stressin the body.

(48)

0-CI'
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Fig. 5. () Acicular crystal with length h and radius r makes contact with
wall; if the crystallization pressure exerted by an acicular crystal exceeds
its yield strength, then the crystal will spread laterally, as indicated by the
crystal on the right; (b) once it has filled the pore, the pressure will be lim-
ited by the radius of the pore entry, r..

In fact, the formation of long fibrillar crystals may result
not from the anisotropy of the crystal, but from the source of
solution: If a crystal is nucleated on a porous surface (such
asthe face of acrack), the capillary suction in the pores may
prevent the liquid from flowing over the surface of the crys-
tal, so that it is only available at the point of contact of the
crystal with the surface [26]. In such cases, the crysta
grows from its base, and can form long whiskers even
though relatively equiaxed crystals would form if the crystal
were immersed in solution. This phenomenon could be re-
sponsible for the growth of long needles of ettringite it
cracks.

2.7. Nucleation of crystals

If very pure water is cooled below its melting point, ice
does not form spontaneoudly (i.e., by homogeneous nucle-
ation) until the temperature reaches about —38°C [27]. The
reason for this huge departure from equilibrium is that the
crystal/liquid interfacial energy (vy) constitutes a barrier to
formation of a tiny crystal in a liquid. When ordinary tap
water is cooled in our laboratory in a differential scanning
calorimeter, it typically freezes at —7 to —15°C; the onset
of freezing is also found in this range in studies of freezing
in porous materials [28,29]. Therefore, except in the most
carefully controlled experiments, freezing of water occurs
by heterogeneous nucleation, where a nucleating agent pro-
vides a surface with arelatively low interfacial energy (yeo)
with the crystal (see Fig. 6). When the contact angleis low,
concavities (such as cracks and pits) constitute particularly

a)

Yer Liquid
Yai
Substrate

b)

Liquid
' Substrate
c)

Fig. 6. (8) Homogeneous nucleation requires the formation of a crystal
directly from the liquid; (b) heterogeneous nucleation on a substrate is
favored when the contact angle, 6, between the crystal and substrate is low;
(c) cracks and pits are particularly favorable nucleation sites, as they maxi-
mize the contact between substrate and crystal.

favorable nucleation sites since they maximize contact be-
tween the substrate and crystal [30]. For a substrate to be a
potent nucleating agent, the contact angle must be less than
90°: asindicated in Fig. 7, the temperature at which nucle-
ation rate of ice becomes appreciable is still about —27°C
when 6 = 90°; to raise the temperature above —7°C requires
0 < 35°.

If the pore wall itself were an effect nucleating agent
(6 < 90°), then the results of the previous section indicate
that the crystal would immediately propagate through all of
the pores without any further undercooling. When the liquid
contained in cement or porous glass is frozen [28,29], or
when thermoporometry is employed to measure pore-size
distributions [13], only a certain fraction of the pore liquid
freezes at a given temperature; further freezing requires a
reduction in temperature. This means that advance of the
crystals is resisted, so the contact angle must >90°. It is
likely that there are nucleating agents dispersed throughout
the body, but the pore wall cannot be a uniformly effective
nucleating agent, or the freezing would go to completion at
the temperature at which nucleation occurred. This point is
developed in more detail elsewhere [9].

2.8. Growth of a flaw

The preceding analysis shows that substantial stresses
can be generated by a crystal growing in a pore. However,
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Fig. 7. Temperature at which heterogeneous nucleation creates one crystal
of ice per cm® per s, as a function of the contact angle (6) between ice and
substrate.

high stress in a single pore is not likely to cause cracking
and failure of a body because the volume affected by the
stress is too small. The strength of stone and concrete is
controlled by the presence of very large flaws (i.e., with di-
mensions of tens to hundreds of microns). As a crude esti-
mate, consider that the critical stressintensity for concreteis
on the order of K., = 1 MPas m¥2[31], and it is related to
the applied stress at failure, o, and the flaw size, ¢ by [32]

Kic=0pA/TC (49)

Given that the tensile strength of concrete is about 3 MPa,
this equation indicates a flaw size of ~3.5 centimeters! Of
course, concrete is only a quasi-brittle material, so Eq. (49)
does not strictly apply; nevertheless, the flaws that contrib-
ute to the low strength of concrete are very large compared
to the average pore size.

For the stress generated by crystallization to act on the
largest flaws, the crystals must propagate through a substan-
tial volume of the pore space. This sort of problem has been
analyzed in the context of thermal expansion mismatch in
composites, where it was shown [33] that the stress field
from an inclusion must extend over a distance comparable
to the flaw size, or the flaw is not likely to grow. Fig. 8
shows a flaw of length ¢ adjacent to aregion of radius Rin
which stress is generated (for example, by the growth of
crystals in the pores). For the two-dimensiona case ana
lyzed elsewhere [33], the tensile stress required to extend
theflaw is

/2K .
0 = ﬁ%ﬁg i (50)

As indicated in Fig. 9, the stress needed to propagate the
flaw drops rapidly until R/c = 1/2. For the crystallization
pressure to act on the largest flaws in concrete, therefore,
the crystals must propagate through a region many microns
in length, which is enormously larger than the pore size.

If a crystal nucleates in a large pore, or penetrates from
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Fig. 8. Stress generated in region of radius R acts on flaw of length c; very
high stresses are required to propagate the flaw, unless R is comparable in
magnitude to c.

the exterior of the body into the largest pore, it will advance
a relatively short distance before encountering a constric-
tion that it cannot pass. That is, the largest pore does not
percolate through the body, so the driving force (supersatu-
ration or undercooling) that permits the crystal to enter that
pore does not allow crystalsto advance very far. The crystal
will be arrested at the constriction until the driving force in-
creases to the point that it can pass on to the next smaller
congtriction. For the crystal to advance arbitrarily deeply
into the body, the driving force must be sufficient for the
crystal to pass through the breakthrough radius, rgr. Thisis
the radius of the largest opening leading into a percolating
network of larger pores; it is the characteristic pore size that
controls the permeability [34] and it corresponds roughly to
the inflection point in a mercury-intrusion [35] or nitrogen-
desorption [36] curve. Thus, the crystallized region cannot
become large enough to interact with the largest flaws until
the driving force permits the crystal to pass pore entries
with radii < rgr. During freezing, Eq. (27) indicates that this
would require an undercooling, given by Eq. (51):
2y cos(0)
rgrlSy

whereas for crystallization of salt, Eq. (19) requires a super-
saturation given by Eq. (52).

C _ 2y COS(e)DiD}
o) exp| T e R,TU

The resulting tensile stressis given by Eq. (44) withr, = rgr.

AT = (51)

(52)

3. Discussion

While the driving forces for crystal growth have long
been understood, the mechanism by which a crystal gener-
ates stress in a pore has caused occasiona confusion (e.g.,
[37]). We have shown that when the contact angle exceeds
90°, there is hoop tension in the pore walls; the stress arises
from the fact that the pore walls must apply a stress to the
crystal to suppress its growth in the radial direction. If 6 <
180°, then thereis direct contact between the crystal and the
wall and the crystal exerts a static pressure; if acrack occurs
in the wall, and there is no source of liquid to allow contin-
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Fig. 9. Normalized hoop stress required to cause growth of flaw, as func-
tion of relative size of flaw (c) and region of stress (R), calculated from
Eq. (50).

ued growth of the crystal, then the crystallization pressure
can be relieved. When 6 = 180°, aliquid film can be sus-
tained between the crystal and the wall, which allows re-
newed growth of crystal even if cracks do appear; therefore,
the crystal can sustain a load on the body even as it cracks
and yields. This phenomenon is probably responsible for the
increasing expansion at constant temperature observed by
Powers and Helmuth [38]. The existence of an unfrozen lig-
uid film ~21-nm thick between ice crystals and solid sur-
faces is clearly established by experiments including parti-
cle pushing [17], calorimetry [13], neutron diffraction [39],
and nuclear magnetic resonance [40]. The best evidence for
aliquid film between salt crystals and solids comes from di-
rect measurement of pressure exerted by crystals against ob-
stacles [26,41-43].

The upper bound on the pressure generated by acrystal is
set by the driving force (undercooling or supersaturation),
but the actual pressure exerted depends on many factors.
Most important, if the contact angle between the crystal and
the pore wall islow, then the stress can be small; if 6 < 90°,
crystallization could even create compressive stress in the
body. This suggests a method for protecting structures
against crystallization damage [43]: apply a coating to the
pores that reduces 6. The crystallization pressure is aso
small if the pore sizeis large, asindicated by Eq. (44); that
is why frost heave is more severe in fine soils, which have
small pores [15]. The pore walls only need to exert enough
stress so that the pressure inside the crysta is uniform, and
the total pressure is dictated by the pore size, according to
Eqg. (25).

The results of Section 2.6 indicate that shear or buckling
of acicular crystalsisunlikely, but the stressthey generateis
limited by their small area of contact with the wall. It has
been argued [44] that acicular crystals of ettringite could
generate stress efficiently by nucleating at the tips of preex-
isting cracks, and thereby exerted stress at a point of weak-
ness. However, if acrystal is capable of exerting stress, then

it must have a high contact angle with the wall, and in that
case nucleation at a crack tip is highly improbabl e since that
would maximize contact of the crystal with the repulsive
surface. In the case of ettringite, it seems likely that com-
pact crystals occurring in small pores generate more swell-
ing pressure than the long needles seen in open cracks. It is
aso important to recognize that if a single needle of ettring-
ite were oriented parallel to the crack surface, so that it was
not under stress, then it would grow at the expense of the
crystals perpendicular to the crack; the unstressed crystal
would consume the supersaturation and prevent the other
crystals from pushing the crack open.

There are other phenomena that can cause swelling and
cracking of concrete, such as the alkali-silica reaction [45].
In general, if thereis achemical potential driving an expan-
sive reaction, then it can be suppressed by an applied pres-
sure, and when the reaction occurs within a pore, the pore
wallswill provide a portion of that pressure. Calculating the
resulting stresses requires understanding of the thermody-
namics of the process, as well as knowledge of the vis-
coelastic properties of the product and a realistic model of
the pore geometry.

4. Conclusions

1. An upper bound on the crystallization pressure is set
by the supersaturation or undercooling.

2. The actua stress can be lower than indicated by the
upper bound, if the contact angle between the crystal
and porewall islow; if 8 < 90°, no tensile stresses re-
sult. This suggests that surface coatings might be an
effective method for avoiding damage from crystalli-
zation [43].

3. The ability of crystals to push particles away indi-
cates that in many systems a film of liquid is sus-
tained between crystals and obstacles, such as pore
walls. This means that contact angles of 6 = & are
common, so that a crystal can sustain a static load on
the pore wall, even if the pore expands as a result of
cracking.

4. Thecrystalization stressislower in larger pores.

5. Fracture is not caused by crystallization in a single
pore. It requires growth of the crystal through a re-
gion of the body comparable in size to the strength-
controlling flaws. Therefore the driving force for
growth must be sufficient to permit the crystals to
pass through pores as small as the breakthrough ra-
dius, rgr.

Appendix: Gibbsanalysis of crystallization
under pressure

Gibbs ([7, p. 186] provides an expression in his Eq. (355)
for the energy of a crystal under stress that can be written as

dU = TdS+ Vds (53)
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where Eq. (54) can be shown as [see Eq. (56)]:
dX = o,de, +0,de, + 0,de, + 1, dy,, + T, dy,, + T,.dy,,
(54)

and T and vy, are shear stresses and strains, respectively;
the quantity Vd3, represents the elastic strain energy. Gibbs'
Eqg. (401) [7, p. 198] expresses the same quantity in terms of
the chemical potentia per gram, .,

dU = TdS+ SdT — pdV —Vdp + mdp (55)

where misthe mass of the crystal. From Egs. (53) and (55),
the chemical potentia is

mdp = =SdT + pdV + Vdp + VdZ (56)

If acrystal is exposed to a solution at pressure p, on the z sur-
face, then o, = —p;; let the stress on the x face be written as
oy, — P, S0 that o, isthe stressin excess of the liquid pressure,
and similarly let the stress on the y surface be o, — p. Then,
recognizing that the volumetric changeis[see Eq. (57)]

dVv = (de, +de,+de,)V (57)
Eq. (56) becomes
mdp = —SdT + Vdp, + V(0,de, + 0,de,) (58)

Thus, in terms of molar quantities, the chemical potential of
the crystal is shown in Eq. [59].

dp, = -S,dT +v.dp, + v (0,de, + 0 de,) (59)

The molar free energy of the liquid is given by Eq. (1a), so
at equilibrium (dw, = dp.) [see Eq. (60)]:

(S - Sc)dT - (Vc - Vl)dpl + Vc(cxdsx + 0-ydsy) =0 (60)
At constant pressure (dp, = 0), thisleads to Eq. (10).
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