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Water induced anelasticity of porous media
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The anelastic behaviour of some porous media has been studied as a function of their water
content. The investigated systems (oxides, calcite, carbon) have been chosen to provide
various chemical as well as physical environments to the fluid. From the chemical point of
view, the hydrophilic’hydrophobic balance has been considered. The hydrophilic character
of the oxides has been varied by heat treatments. Naturally hydrophobic graphite has been
made hydrophilic by oxidation. The experimental results point to the large influence of the
first water monolayer on the anelastic properties of the composite media. The main physical
character taken into account is the crack aspect ratio i.e. the ratio of the smallest to largest
dimension of the pores. Two models have been considered. In the first one anelasticity
results from the molecular motion of the adsorbate inside the fluid phase. The second one is
a grain-to-grain contact model which takes into account the known variations of the
coefficient of friction with hydration of the surfaces. The physical state of water in the low
content range is discussed: it is conjectured to be liquid. The maximum in the damping
efficiency of the composite as the water content is varied is still a matter of debate. © 7998
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1. Introduction

Viscoelastic properties of non-metal materials such as
paper, carbons, polymers, clays and rocks are known
to be moisture-sensitive. The obvious cause of the
phenomenon is adsorption of water vapour from the
atmosphere on the inner surfaces of the solids. In
a previous study on the anelastic properties of porous
silica glass as a function of water vapour adsorption,
the breaking of H-bonds has been found to be the
main cause of anelasticity [1]. The purpose of this
work reported here is to test if mechanisms worked
out on Vycor are relevant to other materials. The
main conclusions of this previous work are listed
below. Physisorbed water H-bonds to surface silanols
or other polar species. At a relative humidity (RH) of
60%, statistically, each hydroxyl is covered by a water
molecule. On hydroxylated silica the rate of change of
Young’s modulus and damping factor against the
water content X, dE/dX and dQ ~'/dX are positive in
the monolayer range and nil beyond.

On dehydroxylated silica the rate of change of
Young’s modulus dE/dX is negative but the damping
factor dQ'/dX is still positive in the monolayer
range and nil beyond. High temperature annealing
favours siloxane bridge at the expense of silanols,
which results in higher Young’s modulus and quality
factor. Results on attenuation are condensed into the
analytic expression

0 '=00" + k[OH][H,O] + k,[OH,]* (1)
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The term k;[OH][H,O] describes H-bonding be-
tween water molecules physisorbed in the first layer
and the chemisorbed silanols, which is assumed to be
a relaxation species. It takes into account the linearity
of the Q™ !(X) curve frequently observed during ad-
sorption below the monolayer coverage, where [OH]
is constant [2]. The subscript o in the term k,[OH,]?
indicates that the silanols active in damping are H-
bonded silanols desorbing in the 200—-450 °C range on
silica while isolated silanols desorbing beyond 500 °C
are inactive in the damping process. It accounts for the
dependence of Q~!(X) on vacuum annealing prior to
experiment [2]. The assumed quadratic dependence of
Q0 '(X) on [OH,] has only theoretical grounds (the
number of H bonds is proportional to the square of
the concentration) and up to now has not been experi-
mentally studied. This paper is devoted to a discussion
of the validity of these concepts. To test them and get
further insights into the subject, the range of the ma-
terials tested has been extended, including natural as
well as synthetic materials.

2. Experimental methods

The composite Young’s modulus E and damping
factor Q™' of porous materials are measured by dy-
namic flexural bending of slender bars. Typical dimen-
sions of the samples are length, I = 100 mm, thickness
h=5mm and width w = 10mm. E is given by the
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classic formula
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where p is the specific mass of the sample, f;; the
frequency resonance of mode i and A4; a tabulated
constant. The mass of the sample, and thus the water
content, was determined by weighing after each vi-
bratory test. During an experiment, only p,f,; and
E change and examination of Equation 2 shows that
E varies as pf;;. The anelasticity of a material can be
described by various interrelated parameters such as
the logarithmic decrement of free vibrations 2, the loss
angle tand = E'/E” where E’ and E” are the real and
imaginary parts of the complex Young’s modulus or
the quality factor Q. In these experiments the damping
properties of the materials are characterized by the
attenuation coefficient 9~ ! which is given by

fi
Af
where Af is the bandwith of the resonance peak at
—3db. On high quality factor material such as Vycor,
the third overtone has been used to improve the pre-
cision, on low Q materials the first one may be used.
The water content of the sample is measured by X,
ratio of the actual mass of the sample to the mass of
the sample after extensive drying at 150°C. X > 1
indicates adsorption of molecular water whilst X < 1
indicates dehydroxylation. Specific surface area are
measured by the Brunauer—-Emmett-Teller (BET)
method at 77K, using krypton as a probe molecule.
Further experimental details are given in [1].

The investigated materials have been chosen in or-
der to cover the widest span in the properties of
interest, porosity ¢, specific surface area A, hy-
drophilic versus hydrophobic character, structure of
the porous phase, i.e. round versus sheet-like pores,
mean pore diameter. These are silica (Vycor, a porous
silica glass from Corning), calcite (natural chalk from
Champaign, France), alumina and magnesia (porous
alumina Al 25 and porous magnesia Mg25 from
Degussa), granite from Neuvy-Bois quarry (Vendée,

0 ' = 3)

TABLE I Relevant physical parameters of the materials under study

France) low density electro-graphite EG 319 P from
Le Carbone Lorraine and mordenite, a high silica
containing zeolite from Hungary. The physical char-
acteristics of interest are gathered in Table I and
described in more detail in Section 2.

3. Experimental results

3.1. Vycor

Variations of Young’s modulus E and attenuation
factor Q! as a function of the water content X have
already been published [1], they are presented once
again in Figs 1 to 3 for completeness. In the range
1 < X < 1.05 swept during gentle drying up to 150 °C
the mass change results from dehydration of the
sample. In the range 0.98 < X < 1 swept by heating
under vacuum up to 650°C dehydroxylation takes
place according to the silanol condensation reaction

2Si-OH——Si-O-Si + H,0 &)

The changes in Young’s modulus presented in Fig. 1
have been attributed to H-bonding of water molecules
at X > 1 and to the formation of siloxane bonds
according to Equation 4 at X <1 [1]. Results in
Fig. 2 show that between X = 1.05 and X = 1.20, no
measurable changes in Q0 *(X) can be noticed, how-
ever the mean value depends on the temperature of the
previous annealing treatment, i.e. on the state of hy-
droxylation of the inner surfaces. The corresponding
decrease is taken into account by the term k,[OH,]*
in Equation 1. It is shown in Fig. 3 that the OH species
desorbing at temperature higher than 500 °C are in-
active in the process of attenuation. The ordinate of
the first point on the curve is the same, whatever is the
hydroxyl content of the surface. Furthermore, the in-
itial parts of the curves on Fig. 3 run parallel to
themselves, which is indicative that [OH] is not rate
limiting in the first term of Equation 1. At the highest
temperature investigated, 750°C, there are still
enough geminal hydroxyls to H-bond to water during
subsequent adsorption. These results are at variance
with those obtained on quartz where a concentration
of 6x10™* at H decreases Q from 5x10° [3] to
1 x 10° [4]. In Vycor samples, because of porosity, Q is

Chemical Mean Mean pore BET surface Maximum water Ratio of
composition porosity diameter area content YM*®
(%) A, (m*g™Y) (g™
Vycor Sio, 28 2 nm 200 0.25 17/70
Chalk CaCo, 15 200 nm 2 0.15
Alumina Al O, 25 25 um 0.2 0.06 80/320
Magnesia MgO 25 25 um 0.2 0.07 120/340
Graphite Pure carbon depends on Depends on Depends on 12/80
oxidation oxidation oxidation
30 — 50 45 512 0-0.10
Granite SiO, 75% 0.0005
Al O, 14% Fissural —0.007
(Na + K) 8% < 0.1 porosity < 0.1 according to
other oxides: balance thermal treatments
Mordenite (Na,,K,,Ca)
[ALSi, ,0,,]1 7TH,O 25 0.7nm 300 0.23

YM = Young’s modulus.

?The ratio of the Young’s modulus of the porous sample to the Young’s modulus of the material at theoretical density, when known.
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Figure 1 Young’s modulus of Vycor glass during adsorption of
water vapour from the laboratory air after annealing under vaccum
at different temperatures. On Vycor which specific surface area is
200m? g~ ! a water monolayer corresponds to AX = 3 x 1072 (O)
650°C; (4 ) 550°C; () 450 °C; (x ) 400 °C; (A) 300 °C; (@) 200 °C.
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Figure 2 Attenuation of the first flexural mode of vibration of water
soaked Vycor during drying: (O) pristine sample; (A) after heat
treatment at 650 °C under vacuum.

not higher than 5 x 10° (the higher Q measurable with
the experimental apparatus working in air is 10*). The
Q investigated in this study are definitively lower than
these values and the operative mechanisms are prob-
ably not the same. The most convincing proof of this
assertion being the constancy of attenuation during
high temperature dehydroxylation. Bulk mechanisms
such as dislocation glide or climb or the so-called
4Hs;, defect which are invoked to explain results in
quartz [3] are not operative in porous silica.

The results obtained in [1] are in agreement with
models recently appeared in the literature. Murphy
[5], Spencer [6] and Bourbié et al. [7] have postu-
lated that on hydrophilic samples attenuation results
from the breaking of H-bonds between water molecu-
les and surface silanols during the passage of the
deformation wave and of the re-forming of these
bonds out of phase. Damping of mechanical vibra-
tions by adsorbed water is related to the hydro-
philic/hydrophobic nature of the inner surfaces.
Because of the large amount of data available chiefly
from infrared studies, it is possible to discriminate among
three relaxing species, water molecules physisorbed
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Figure 3 Attenuation of the first flexural mode of vibration of Vycor
samples during adsorption of water vapour from the laboratory air
after annealing under vacuum at the indicated temperatures. (H)
750°C; (O) 550°C; (@) 400 °C; (A) 200°C.
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Figure 4 Qo/Q (@), E/E, (V) of chalk as a function of the water
content during drying.

in the first layer, H-bonded geminate hydroxyls and
isolated hydroxyls.

3.2. Chalk

Chalk of natural origin (Champaign, France) is a pure
calcite solid. The porosity ¢, deduced from density is
15%. The specific surface area measured with krypton
is A,=2m?g"!; in wet conditions the Young’s
modulus is 12 GPa.

Because of the sensitivity of calcite surfaces to tem-
perature (possible decomposition into CaO) no high
temperature dehydroxylation treatment has been
given to chalk samples. Only dehydration experi-
ments, i.e. heating at 150 °C, have been conducted,
results of which are presented on Fig. 4 in reduced
form. As on Vycor, during drying of a previously
water-soaked sample no changes are noticeable from
X =1.15 down to X = 1.05 where a shallow max-
imum can be resolved in @~ }(X) . Near X =1 the
large decrease in Q' is related to the increase in E in
a tight manner. A maximum in Q ~ ! near the dry state
is noticeable in numerous publications [5, 8]. In the
case of Massillon sandstone it has been attributed by
Murphy to a frequency dependence of the attenuation.
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(In Murphy’s resonant bar experiments as in dynamic
flexural tests, the frequency varies as the Young’s
modulus, but this assertion has never been checked.)

3.3. Alumina

Alumina, purchased from Degussa, is a coarse grain
material, 40 pm diameter, of large porosity, 25%. The
BET surface area is low, 0.2m?* g~ ! and agrees with
the mean grain diameter according to the relation
A, = 6/pd when only external surface of the grains is
considered. Though taken from the same body,
alumina samples exhibit a large variability. Young’s
modulus of pristine samples may differ by 40%, mass
losses on heating at 800°C range from 4 x 1073 to
2 x 10~ 2 with a peak at 350 °C in the thermogram. It is
believed that the initial hydroxide content varies from
sample to sample, though X ray analysis failed to
reveal any of the intermediate alumina phases ending
to o alumina. Results presented thereafter refer to
hydroxylated alumina.

Alumina can withstand high temperature annealing
without suffering decomposition, only dehydroxyla-
tion of surface species is expected on heating. After
a high temperature vacuum annealing, the sample is
first allowed to adsorb water vapour from the labo-
ratory air while X, Q™' and E are recorded. After
equilibration at the laboratory ambient, the sample is
soaked into distillated water up to saturation. X, Q'
and E are then continuously recorded during drying of
the sample down to the X = 1 value. The influence of
high temperature annealing on E(X) is presented in
Fig. 5, while its action on Q™ '(X) is displayed on
Fig. 6. Table 1I represents the air equilibrated Q'
values as a function of the annealing temperature T,

The results on Young’s modulus presented in Fig. 5
are similar to those obtained on chalk: no changes in
the liquid state and huge variations near the dry state.
Also apparent on the figure, a large decrease in
Young’s modulus in the dry state as a function of the
temperature of annealing T,,.

As on calcite O~ !(X) exhibits a large plateau in the
wet state (Fig. 6) and a dramatic decrease near the dry
state. In the vicinity of the dry state a maximum is
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Figure 5 Normalized Young’s modulus of alumina as a function of
the water content during drying, after annealing at the indicated
temperatures. (O) 150°C; (A) 250 °C; (@) 350 °C; (#) 700°C.
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Figure 6 Damping factor of alumina as a function of the water
content during drying, after annealing at the indicated temper-
atures. (O) 150 °C; (A) 250 °C; (#) 700 °C.

TABLE II Damping factor of an alumina sample in the dry and
air equilibrated states after annealing at characteristic temperatures.

Tan 25 250 350 450 700
Q! dry after outgassing 0.0098 0.0071 0.011 0.0083 0.0038
Q! dry after soaking 0.0098 0.021  0.028 0.020 0.025
Q™! equilibrated at 0.028 0.019 0.014 0.011 0.011

ambient temperature

apparent only after a slight annealing (250 °C). In
Table II, from the results in the second row, it can be
seen that, contrarily to Vycor, high temperature an-
nealing is needed to obtain low damping on alumina.
Changes in damping upon adsorption from the labor-
atory air are described by comparing results in row
4 and row 2. The corresponding change in mass AX is
as low as 2x 10" *gg~ ! and the transient data, not
presented here, fit a linear relationship, already ob-
served on other systems [2, 9]. Comparison of the
results in the third and in the fourth row shows that
some rehydroxylation has taken place during the ex-
periment which involves soaking of the sample in
liquid water.

3.4. Magnesia

The experiments performed on alumina have been
duplicated on magnesia, the results of which are pre-
sented on Figs 7 and 8. The general trends of alumina
are followed by magnesia but significant departures
can be resolved. Q ~'(X) does not exhibit maxima as in
Fig. 6 on alumina. The changesin Q ™ }(X) and E(X) as
a function of the annealing temperature are not mono-
tonic ones. A maximum in E(X) and a minimum in
Q (X)) are apparent at an annealing temperature of
450 °C. The 700 °C Q ~ }(X) curve is shifted up near the
25°C O~ Y(X) curve and the corresponding E(X) curve
is concave rather than convex towards the X axis.
Since E(X) and Q~!(X) have been linked to the state
of hydroxylation of the surface at the time of measure-
ment, it means that the rehydroxylation of magnesia,
previously degassed at 700 °C, occurs on the time of
measurement after water soaking. Slight rehydroxyla-
tion have been noticed on alumina. In Table II the
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Figure 7 Normalized Young’s modulus of magnesia as a function of
the water content during drying, after annealing at the indicated
temperatures. (@) 450 °C; (O) 150 °C; (#) 750 °C.
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Figure 8 Damping factor of magnesia as a function of the water
content during drying, after annealing at the indicated temper-
atures. (O) 150°C; (A) 300°C; (@) 450 °C; (#) 700 °C.

damping factor of an air equilibrated alumina sample
is higher after water soaking than on adsorption
from the laboratory air. On magnesia the whole
0~ Y(X) curve is shifted upwards. On the contrary silica
surfaces are not prone to hydroxylation upon mea-
surement. It is then suggested that the rates of hydro-
xylation R™%° of heat treated oxides are as
follows Rifare o > RAaro. . > Ry This classification
is widely accepted [10].

3.5. Graphite

Oxygen-free graphite is naturally hydrophobic and is
not wetted by water. The angle of contact is near 180°,
there is no noticeable mass uptake upon immersion of
a porous graphite sample into liquid water and it
adsorbs only a small amount of water from the gas
phase at 60% RH (0.2mgg~'). Graphite can be made
hydrophilic by prolonged heat treatment at 550 °C in
air and/or by wet treatment in diluted (30% in
volume) nitric acid. During these oxidative treatments,
(1120) and (1010) prismatic planes are formed at the
expense of the basal plane. These edge planes
chemisorb oxygen extensively during oxidation at
550°C [11]. At room temperature water vapour
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Figure 9 Amount of water vapour (1), measured by gravimetry in
gg !, adsorbed on a porous graphite sample after the burning off of
graphite in air at 550 °C and subsequent changes in the damping
factor (2). On the right hand side of the figure the plotted parameter
s ((Q™ Yeqg — (O™ ary) where (Q 1), refers to a sample equilibrated
with the ambient atmosphere and (Q ™ '), refers to a sample in the
dry state after gentle degassing at 150 °C.

physisorbs on these oxygenated surfaces by H-bond-
ing. Water can be desorbed by heating at 150 °C while
chemisorbed oxygen is desorbed by heating under
vacuum at 800°C [11, 12, 13], so that the extent of
water vapour and oxygen adsorptions can be meas-
ured by thermogravimetry if the nature of the high
temperature desorption products, either carbon mon-
oxide or carbon dioxide, is known.

In Fig. 9 the amount of water vapour physisorbed
at 22°C and 60% RH is plotted against the burn-off of
graphite. At the exception of a small residual uptake
(0.2mgg~ ') the adsorption depends linearly on the
amount of burn-off, which indicates that the creation
of edge planes is rate limiting. Knowing the mass loss
upon vacuum desorption at 800°C, the number of
water vapour molecules physisorbed per chemisorbed
oxygen atom can be calculated. The experimental
value, 0.36, assuming desorption as carbon dioxide,
compares well with 0.8, the value given by Walker and
Janov under similar conditions on Graphon, a highly
oriented graphite powder [11].

As burn-off proceeds, porosity of the sample in-
creases, leading to a decline in the Young’s modulus
of the sample. The experimental results, presented
in Fig. 10 can be fitted by the phenomenological
relationship

E = Eo exp( — b¢) 5)

where the numerical value of the fitting parameter b is
5.5. The rather high value of the constant b proves that
the oxidation reaction creates a harmful sheet-like
porosity. For instance, creation of spherical cavities
would lead to b # 2 [14]. Furthermore, the krypton
isotherms, obtained on samples at different burn-off
levels, presented in Fig. 11 show the gradual dis-
appearance of the p/p, = 0.4 step which is indicative
of the formation of the second monolayer on the
homogeneous (0001) basal plane of graphite [15].
The same rounding-off of the second step has been
observed by Goffinet during ozone treatment of P33
carbon [16]. Fine details in the first ascending branch

2909



0

05 |
ur
o
2]
o
-l

-1.0

-1.5 1 1 1 1

0 5 10 15 20 25

Percentage burn-off

Figure 10 Young’s modulus of a graphite sample at different burn-
off levels.

at p/po < 10~ can also be interpreted as a roughen-
ing of the surface but will not be discussed at length
here. Oxidation, either dry or wet, can be described as
the attack of the basal, hydrophobic, plane of graphite
at the benefit of the prismatic planes. These highly
corrugated planes can chemisorb oxygen on the so-
called edge sites. At room temperature water vapour
can form H-bonds with the polar oxygenated sites
such as carbonyls or carboxyls groups. At the highest
burn-off investigated (28%), assuming that each edge
site chemisorbs one water molecule at RH = 60%,
instead of the value 0.36 quoted above, one can calcu-
late that prismatic planes are approximately of the
same extension than the basal plane, 6m?g~!. On the

average there is one hydrophilic site per hydrophobic
site, this value is rather high, a more generally accep-
ted value lies near 0.1 [13]. As the sample turns to be
hydrophilic by the oxidative treatment, its damping
behaviour during water vapour adsorption changes.
Instead of decreasing slightly the damping factor as on
virgin, non-oxygenated samples, water vapour ad-
sorption increases it on oxygenated ones.

In Fig. 9, beside the water up-take, the changes in
damping factor upon adsorption up to equilibrium
with the laboratory atmosphere (RH = 60%) is plot-
ted as a function of the burn-off. It is apparent that the
increase in the damping factor is related to the amount
of water adsorption, itself related to the chemisorption
of oxygen, in a very tight manner. On non-oxygen-
treated samples a small water vapour adsorption
(0.2mgg™ ") can be measured, but this adsorption is
accompanied by a definite decrease in the damping
factor (the first point of curve (2) in Fig. 9 has a nega-
tive ordinate). It is conjectured that, instead of H-
bonding, this shallow adsorption results from van der
Waals’ forces, not operative in the damping process.
This result is at variance with the results obtained on
oxides, silica [1], alumina and magnesia where, even
on the most dehydroxylated surfaces, the hydropho-
bicity of the surfaces induced by heating dictates the
rate of adsorption from the gaseous phase dX/dt but
not the rate of change in damping dQ ~'/dX. It is felt
that high temperature treated oxides are still more
hydrophilic than unoxygenated graphite.

It must be stressed that heating at 800°C under
vacuum does not revert the surfaces to a fully hydro-
phobic situation. Water vapour adsorption is still
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Figure 11 Krypton isotherms at 77 K on graphite oxidized at different burn-off levels. (a) 0%; (b) 4%; (c) 9.6%. Corresponding BET surface

area: (a) 45m?g % (b) 16m?g~%; (c) 12m? g~ .
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TABLE II1 Damping factor of a graphite sample in the dry and
air equilibrated states after annealing at characteristic temperatures
under vacuum

Oxygenated after Vacuum heated

10% burn-off at 800°C
Dry 0.010 0.0073
Equilibrated at 0.014 0.0090

22°C, 60% RH

higher than on virgin surface, however, due to the
desorption of oxygen complexes, the damping factor is
lower on samples degassed at 800 °C than on oxygen-
ated ones. Though tightly bound to the substrate in
strong chemisorption bonds, the oxygen complexes
on graphite have damping capabilities, a situation
opposite to highly bound hydroxyls on silica. A typi-
cal situation is described in Table 111 where the damp-
ing factor of graphite after various treatments is
indicated.

3.6. Granite

Granite is a quartz-rich, multiphasic mineral from
Neuvy-Bois (Vendée, France) quarry. The experi-
ments are aimed at the characterization of the thermal
cracking induced by the mismatch of the thermal
expansion coefficients of the various phases. The
anelastic properties are first measured in the dry and
wet states, then, the same measurements are per-
formed after a 450 °C annealing. Results are presented
in Table IV.

Porosity change (4 x 107 %) is deduced from mass
gain after immersion in water, it is then an open
porosity. It has a dramatic effect on the Young’s
modulus which cannot be taken into account by
Equation 5. A more appropriate analysis would in-
volve Budiansky’s model of cracked solids [17]. Its
action on damping in the dry state is small (30%
increase) but much more intense in the wet state (three
fold increase). As on Vycor, water adsorption stiffens
the structure, (Eye/Eary) > 1. The relative enhance-
ment is higher on cracked than on pristine samples. As
a whole, experimental results on granite do agree with
the H-bonding model of water on hydrophylic sur-
faces, a conclusion arrived at by Morlier et al. using
velocity of sound measurements [18]. Work by
Gregory [19] on Brazilian gabbro led to similar re-
sults. Heating to 750 °C causes a 40% reduction in
velocity V on dry samples and an enhanced sensitivity
to environmental conditions. He classified rocks ac-
cording to R = V(S,, = 100)/V(S,, = 0). R > 1, which
contradicts Biot’s theory is obtained on low porosity
rocks. It is believed that this criterion is more related
to the crack aspect ratio and/or to the hydrophilic
character of the crack surfaces than to the overall
porosity. The main conclusion relevant to this study is
that thermal cracking of polyphasic rocks lowers both
the Young’s modulus and the quality factor Q of the
materials and increases the environmental sensitivity.
It is concluded that in porous materials with one solid

TABLE IV Anelastic properties of granite at various cracking
rates

POI'OSity E/EO Ewel/Edry Qd:; Qv:ell

1x1073 1 1.04 0.021  0.048
5%x107% 045 1.16 0.027  0.159

Pristine sample
Sample heated
at 450°C

phase, changes in the elastic constants on heating do
not result from thermal cracking bur from void forma-
tion involving phase changes in the solid state at the
grain contacts such as hydroxide — oxide change.
This contradicts conclusions by Clark [20] and
Schmidt [8] but agrees with Bourbié [21].

3.7. Mordenite

Mordenite is a high silica containing zeolite of natural
origin (Hungary). Its formula is (Na,K,Ca)-
[Al,S1,00,4].7H,0O. Water in zeolites rests essentially
in the open channels of the aluminosilicate frame-
work. In mordenite these channels have a 0.7 nm ac-
cess aperture [22] and it appears that this dimension
is well suited to bridge the gap between alumina where
flaws of molecular dimension dictate the average be-
haviour and Vycor the dimension of which is 2 nm.
Furthermore, in zeolites, the classical distinction be-
tween free water desorbing below 150 °C and bound
water and/or hydroxyls does not hold. In zeolites,
water adsorbed in molecular states desorbs at temper-
atures as high as 350°C [23].

Experiments on mordenite are identical to those
conducted on Vycor, the results of which are plotted
in Figs 1 and 3. The corresponding results for mor-
denite are presented in Figs 12 and 13. During high-
temperature annealing the gradual departure of the
constitutive water and/or hydroxyls leads to a small
but irreversible decrease in the Young’s modulus as on
alumina and magnesia. Because of its surface area
mordenite adsorbs large amounts of water vapour
from the gas phase. The increase in Young’s modulus
during the initial stage of hydration can be explained
by H-bonding, as on Vycor. As apparent from Fig. 13,
no clear distinction can be made between molecular
water desorbing below 150°C (X > 1) and more
strongly bound species desorbing at higher temper-
ature (X < 1) . The same conclusion can be drawn
from the temperature dependence of the Young’s
modulus presented on Fig. 12. The fall in Young’s
modulus as a result of heating (0.98 < X < 1) is a mere
extrapolation of the first adsorption run. In other
words, only one water species is operative in mor-
denite whatever its temperature of desorption. This
agrees with the fact that on zeolites molecularly adsor-
bed water desorbs at temperatures up to 350 °C [23].
Recent nuclear magnetic resonance (NMR) results
tend to show that hydroxyls and water adsorbed in
porous glass have the same relaxation dynamics [24].
This raises doubt about the generality of the discrim-
ination made among the different relaxing species
introduced on Vycor.
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Figure 12 Normalized Young’s modulus of mordenite as a function
of the water content during adsorption from the laboratory air, after
annealing at the indicated temperatures. (O) 150 °C; (OJ) 300 °C; (A)
500 °C; (V) 700 °C; (V) 800°C.
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Figure 13 Damping factor of mordenite as a function of the water
content during adsorption from the laboratory air, after annealing
at the same temperatures as in Fig. 12.

4. Discussion
4.1. Elastic properties
On Vycor, granite and mordenite the rate of change of
Young’s modulus dE/dX is positive, but the magni-
tude of the effect is rather small. This is linked to the
low spring constant of the hydrogen bond (20N m™?)
which covers the inner part of the pores. On alumina
and mainly on chalk dE/dX is negative and the mag-
nitude of the effect is much larger. The sensitivity to
high temperature treatments displays also a large
range of behaviours. The increase in the stiffness of
Vycor by siloxane bond formation is well documented
[25,26] but this case is the only one, generally heating
a material lowers its room temperature elastic con-
stants. On alumina and to a less extent on magnesia,
the decrease in Young’s modulus is closely related to
the hydroxide — oxide phase change. The change in
specific volume associated with this transformation
leads to a harmful porosity at the contact grain. In two
phase minerals such as granite the mismatch of the
thermal expansion coefficients creates sheet-like voids
at the interface. On mordenite the decrease of the
elastic constants is related to the departure of the
constitutive water.

The decrease in frame moduli upon adsorption of
minute amount of water has been noted by numerous
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authors who merely noted that this reduction is not
expected from the Biot theory of porous media. An
attempt to relate frame moduli reduction and water
adsorption without resort to extensive chemical bond
breaking has been presented by Murphy and co-
workers [27] and the main lines are presented here.

According to Digby’s model [28] the perpendicular
and parallel stiffness of a dense packing of elastic
spheres of radius R are given by

| _ 2Gao

ko = 6
b= ©)
and
4G
ky = 0 (7)
2—v

where a, is the radius of contact of two spheres, G the
shear modulus and v the Poisson’s ratio. In Hertz
theory

3(1 — v)RF

3
= 8
ao 8G ®)
where F is the normal load.
The equation for the Young’s modulus is then

30 — )y 3ko
E = Ky 9
20mR 2 ©)

where s is the coordination number, i.e. the number of
contacts per grain.

In the so-called Johnson-Kendall-Roberts (JKR)
theory [29], attention is paid to the van der Waals’
attraction between solids through the air gap between
them. This results in an enhanced radius of contact

3(1
as :(T {F + 6ynR + [12nyRF + (6ynR)*]*/?}
(10)

where v is the surface energy of the solid. As adsorp-
tion is known to reduce surface energy [30,31] a
lowering in a, and in the moduli follows. The main
ingredient of the model is the change in surface energy
measured from the adsorption isotherm I'(p) with the
Gibb’s relation
P
sy =yo—y=RT [ FOT

0

where I'(p) is the surface excess in equilibrium at the
gas pressure p.

Using this model, Murphy and colleagues [27] have
been able to fit the experimental results of Clark et al.
on Coconino sandstone [2] and those of Spencer on
Navajo sandstone [6], i.e. a 30% reduction in the
moduli as p/p, increases from 0 to 1. The obtained
(E/Ey, p/po) relationship is linear, which reflects the
sluggish adsorption at small p/py. If adsorption at
small p/p, were more important (type I isotherm),
large changes would be expected at small partial pres-
sure because of the 1/p term in the Gibbs’ equation.
This would fit for instance the steep decrease in
Young’s modulus at low water content measured in
this study on chalk (Fig. 4) and alumina (Fig. 5) and by
Murphy [5] and Schmidt [8] on Massilon sandstone.



Reversible adsorption at room temperature, i.e.
physisorption does not involve the breaking of chem-
ical bonds. However, in porous materials, it leads
generally to a weakening of the solid as shown by the
lowering in the effective Young’s modulus. The situ-
ation may be compared to another related field: the
adsorption induced lowering of the strength of mater-
ials. The situation is described with the help of the
Griffith’s theory of brittle solids, the stress at rupture is

12
o = (ﬁ—f) (12)

where vy is the surface energy of the solid and ¢ the
length of the crack.

As adsorption proceeds the surface energy is re-
duced by an amount Ay = y, — y given by the Gibbs’
law of adsorption (Equation 11) and o, is reduced in
the corresponding manner. In the literature various
physical situations can be found. For instance Rehbin-
der and Shchukin [32, 33], working with well designed
magnesium hydroxide of large specific surface, ob-
served that the experimental results follow the
Griffith’s equation

O: — O

6—300 = Ay (13)
where Ay is obtained from the adsorption isotherm
I'(p) by Equation 11. When the adsorption isotherm
cannot be determined, as in the work of Hiller on
porous glass [34], one can invoke Bangham’s law [35]

# = Ay (14
where Al/l is the swelling of the sample during adsorp-
tion and A a constant depending on the bulk modulus
of the solid. Hiller [34] obtained linear relationship in
the (o7, Al/l) plot. It is to be noted that in these
experiments, (Gibbs + Griffith) criteria is fulfilled over
a large range of relative pressure up to p/po = 0.45.

On the other hand, experiments on poorly con-
solidated compacts, such as calcite compacts or silica
compacts used in infrared studies, show a huge de-
pendence of strength on water vapour pressure. For
instance, on calcite, Dollimore and Gregg [36] ob-
tained a 50% reduction in strength over the dry state
value at 10% RH. In order to apply the above men-
tioned theory it is necessary to invoke a large adsorp-
tion at low RH which is indicative of a microporous
solid, i.e. a type I BET isotherm. The situation is
reminiscent of the large variationsin Q! and E at low
RH obtained on alumina in this study and by Pandit
and King [37] and Murphy [5] on sandstones.

4.2. Damping properties

With the exception of chalk and alumina, which pre-
sent a definite maxima in the Q ~!(X) curve, the damp-
ing factor is a monotonic, growing function of the
water content, but the magnitude of dQ ~!/dX differs
considerably from material to material. The variation
interval can be swept while AX is as low as
2x10"*gg™! on alumina in this study and even

1

10 *gg™ ! in sandstone [37] or a few 10 ?gg ! in
Vycor or mordenite in this study and as noted by
previous authors [38] these data cannot be fitted by
a single model.

As a general rule dQ~'/dX is small if dE/dX is
positive (Vycor, mordenite) and dQ~'/dX is large
when dE/dX is negative (alumina, chalk). This is an
extension of Clark’s conclusion who noted that “the
rocks with the largest Q! have the largest (negative)
changes in velocity (i.e. in moduli) as p/pog,0) 1S
varied” [20]. Also apparent from her work the fact
that the higher the Qg ’, the steeper the subsequent
change in Q™' as p/pou,0) is varied. This leads her to
suspect the presence of clay softened by chemical
interaction with water (water intercalation) at the con-
tact between grains, a hypothesis that has been refuted
later [21]. A goal of this paper is to explain water-
induced anelasticity on the basis of sole physical inter-
actions, without resort to chemical bond breaking
concept. Only van der Waals’ interactions and hydro-
gen (bonding/breaking) need to be invoked in the
discussion.

The H-bond breaking mechanism considered by
Spencer [6], Tittmann [9] and Bourbié et al. [21]
implies that the damping varies with the number of
adsorbate—substrate bonds to be broken ie.
0 '=00" + k;[OH][H,0].

In this analysis the second term of Equation 1 is
omitted and according to this model Q' levels off at
the monolayer coverage. Two obvious consequences
arise. First, keeping the chemistry constant, the at-
tenuation factor must be directly linked to the specific
surface area of the solid as measured for instance by
the BET method. Secondly, for a given material,
damping must vary with the water vapour partial
pressure in the same manner as [H,O], the water
coverage determined on an adsorption isotherm.
These assumptions are often not verified. For instance
Massilon sandstone of low specific surface A4, =
Im?g~ ! has a quality factor at saturation Q. = 20
while Vycor, another silicate with 4, = 200m?*g~!
exhibits Q. = 200.

On most materials when equilibrium experiments
are performed Q ™! levels off at partial pressure as low
as 0.1 [37] while completion of the first monolayer
takes place at p/po = 0.4. In transient experiments,
Pandit and King [37] found a mass increase at satura-
tion as low as 10" *gg™', a value similar to those
obtained in this paper on alumina (2x 10~ *gg™?).

The leveling off in the Q ~!(X) curve at the comple-
tion of the monolayer has soon been noted by various
authors [2, 5, 38, 39]. Damping is a true surface
mechanism and the H-bond breaking mechanism is
relevant in this situation. However detailed analysis
shows that the completion of the statistical monolayer
occurs at p/po = 0.4 whilst the levelling off of the
damping process occurs frequently at p/p, = 0.1. Fur-
thermore, as noted by Murphy [5] and Bourbi¢ et al.
[21] the amount of water involved in the process
depends linearly on the specific surface area and it is
hard to conceive how a single process can account for
a one hundred change in efficiency. The success of the
monolayer correlation is fortuitous and hides two
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physically different situations. On smooth surfaces
H-bond breaking mechanism, thereafter named mode
I1 is operative. Mode I, operative on rough surfaces is
a kind of boundary lubrication process and requires
further comments.

4.2.1. Hydrophilicity index

It appears that the anelastic properties—water adsorp-
tion relationship is dominated by a small fraction of
the surface area of the solid which is hardly measur-
able by conventional methods. It is well known that
the water vapour surface area may be larger than the
N, or Kr surface area by a factor of ten [10]. This is
related to the wedging action of water on hydrophilic
interfaces. As water adsorption of hydrophilic surfaces
reduces surface energy by a large amount, the spread-
ing pressure ™ = Yy, — Y tends to create new internal
surfaces leading for instance to swelling of the solid or
to low pressure hysteresis in isotherm determination.
Since these processes modify the anelastic properties
of the material it is of interest to define a hydrophili-
city index B as the ratio of the water surface area
measured at p/py, = 0.6 to the conventional BET sur-
face area measured with Kr. This index can be con-
sidered as an indication of the health of materials,
crack-free materials, as Vycor, have p =1 whether
they are hydrophilic or not. On the contrary, poorly
cemented granular solids prone to swelling, exhibit
B > 1. For instance extensive ball milling of calcite has
been shown to increase f from 1.2 to 10 [40]. From
results gathered in Table V it is seen that the case
B < 1 corresponds to mode II of water interaction,
whilst the case B > 1 corresponds to mode L.

On graphite, because of its low hydrophilicity,
changes in Q! upon adsorption of water vapour are
not large, the results presented on Fig. 9 correspond to
a relative change of 30%. On the contrary, a tenfold
increase may be noticed on oxides [8, 37].

Porous media can be classified in two classes ac-
cording to pore shape criterion. The first class, includ-
ing Vycor and mordenite, is characterized by smooth
pores with large radius of curvature. As a consequence
of the mode of elaboration, (spinodal decomposition
for Vycor, natural zeolitization for modernite) the
solid skeleton is rigid and does not include weak
contact zones and/or harmful flaws. The second type
of materials includes for instance compacted silica
powder used in i.r. studies, compacted calcite used as
writing chalk and all poorly sintered ceramics such as
alumina or magnesia used in this study. These mater-
ials contain large contact zones of ill-defined crystallo-
graphic order analogous to grain boundaries in metals,
flaws of atomic dimension, badly cemented grain con-
tacts and other deleterious defects. H-bonding model
has proved to be a valuable tool to interpret the

TABLE V Hydrophilicity index B of some minerals

Material Graphite Vycor Chalk Magnesia Alumina

bvalue 0013505 ~1 5.1 6.6 6.6
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increase in stiffness of Vycor [1], the same calculus can
be applied on mordenite. The hydrophobic action of
high temperature annealing is reflected in the lowering
of dE/dX which can be noted either on Vycor or on
mordenite, the same model applies to damping.

Type I adsorption in microporous solids frequently
follows the Gurvitsch rule i.e. when expressed as a vol-
ume of a liquid by use of the normal liquid density, the
amount adsorbed at saturation on a given solid is the
same for various adsorbates. This is taken as a proof
that in micropores, adsorbates are in a liquid state
even if the pores are few molecular diameters wide. In
numerous solids, water induced attenuation saturates
as soon as p/po reaches 0.1 [5,37] and does not change
upon immersion. This is in agreement with the micro-
porous solid model of adsorption: attenuation is dom-
inated by liquid entrapped in fine pores saturated at
p/po < 0.1. Even if it is recognized that mode II results
from a drastically different mechanism of adsorption,
leading to type II isotherm, it does not tell anything
about the mechanism of attenuation. In a first
attempt, it is of interest to consider if the H-bond
breaking model is still valuable.

In this study where the specimens are excited in
flexural vibration the macroscopic strain is small
(107°) and at first glance the H-bond breaking model
would not be operative because H-bonds experience
only the bottom of the potential well. Microscopically,
the strain is much larger at singularities such as apex
of flaws, regions of high curvature etc. Even if the
strain is too small to break elastic H-bonds, these
bonds experience non-harmonic region of the poten-
tial well, leading to mechanical dissipation. Roughness
of the internal surfaces at the atomic level appears as
a key parameter in the problem. It is obvious that in
solids exhibiting type I isotherm, H-bond mechanism
is much more efficient than on smooth, mesoporous
surfaces exhibiting type II isotherm. The challenge is
to account for a 100-fold (10" *gg~! [37] versus
10~ ?gg~ ' [1]) change in efficiency. For instance, ex-
perimentally, a threefold enhancement over natural
calcite has been obtained by using poorly compacted,
artificial chalk which is believed to contain a large
number of non-cemented contacts.

4.2.2. Maximum in the Q "'(X) curve
Finally, the sole phenomenon still to be explained is
the maxima in the Q !(X) curve encountered on
alumina and chalk. As damping is expected to be
a fluid flow mechanism, X is not a well-suited para-
meter and S, the pore fluid filling factor is preferred.
In this work and in other studies [ 5, 8] where this peak
is apparent, it is located at S,, = 0.2, which is the
symmetrical of S, = 0.8 where numerous peaks have
been resolved [5,21]. In every case, the attenuation
peak is associated with a huge change of the modulus
[5,8], which is taken as a roughness effect. On
alumina, the peak is resolved only after high temper-
ature heating which cancels the H-bond breaking
mechanism.

In order to account for the changes in Q' Walsh
[41] and Gordon and Davis [42] developed a surface



friction model. They recognized that in fissured solids
anelastic properties are dominated by flaws. As water
adsorption decreases sliding friction at surfaces [43] it
allows the relative motion of the nearly contacting
opposite faces of the flaws, thus increasing the mech-
anical losses. Walsh obtained the following formula

0! =——Oc3n3h(f) (15)

where E/E, is the ratio of effective and intrinsic
moduli, c and n, respectively, the length and density of
nearly contacting flaws and h(f) a function of the
friction coefficient f exhibiting a maximum at a given
/- Such a micromechanical model can afford for the
existence of a maximum. The main criticism addressed
to it is that, in order to account for the constancy of
Q! upon hydrostatic pressure changes, it requires an
unrealistic density of cracks.

Schmidt et al. [8] considered, in clay bearing rocks,
the bound water < free water equilibrium. As the
dielectric losses peak at 10'°Hz in bound water in-
stead of 10'*Hz in free water, application of the
Debye formula t = 8nna®/2kT where t is a dielectric
relaxation time, m the viscosity and a the atomic
radius, shows that bound water is 100-fold more vis-
cous than free water. At saturation free and bound
water are physically in contact, the equilibrium is
established and free water influences bound water, so
that viscosity is low. Below a critical water filling
factor Sy, determined from NMR experiments, bound
water is not stable and the viscosity drops rapidly.
According to Schmidt the clay content of the rocks is
a key parameter since it is known that water self-
organizes at clay surfaces. This conclusion has been
largely dismissed since such maxima have been ob-
served on no clay bearing rocks [5].

On Coconino sandstone, Murphy [44] considered
the squirt flow from low aspect ratio pores to larger
pores. At saturation the flow is restricted for the larger
pores are filled, in the dry state obviously no transit
can take place.

Blandamer [45] reviewed the acoustic properties of
aqueous mixtures and considered plot A, i.e. the ratio
o/v? where o is the absorption coefficient and v the
frequency, versus composition x2. These plots exhibit
a zone of intense absorption named PSAC (peak
sound absorption coefficient) if the system presents
a positive deviation from thermodynamic ideality,
AGE > 0. When AG® is negative, however PSAC can
occur if the mixing character of the co-solvents can be
called hydrophilic. He also noted that PSAC develops
near T, the critical temperature of the mixture. He
concluded that the shape of plot A can be used as an
indication of the hydrophilic/hydrophobic character
of the organic co-solvent.

Keeping this analysis of the literature in mind, it is
fruitful to make some comments.

(i) Maxima on the Q *(S,,) on alumina is apparent
only after extensive dehydroxylation of the surfaces
which renders them more or less hydrophobic, the
hydrophilicity of chalk is not known.

Adsorption Desorption

» @

Figure 14 Schematic drawing of the adsorption layer in a cylin-
drical pore. (a) During adsorption from the laboratory air. (b)
During drying of a previously water soaked sample.

(it) This maxima is associated with a large change
in the Young’s modulus, itself related to the roughness
of the surface at the atomic scale.

(i) It has been observed only during drying, in the
literature no report of this maximum during imbibi-
tion has been found.

Fluid flow, i.e. differential motion of the fluid and of
the solid is closely related to the wetting behaviour of
the fluid and two limiting cases arise. If wetting is
perfect, 8 = 0, the fluid sticks to the wall and losses are
minimized. If non-wetting conditions prevail
(6 = 180°) the liquid drops float over the surface and
viscous losses are expected also to be low. Further-
more, because of the Laplace pressure p — py, = 2y/r,
the liquid inside of the meniscus experiences a negative
pressure, as in critical conditions. It is worthy of interest
to note that no maximum has been detected during
imbibition. In systems where capillary hysteresis
exists, during adsorption the liquid film grows in
a layer-by-layer mode and cannot experience Laplace
pressure. On the contrary, during desorption, the
liquid—air interface keeps the same radius of curvature
and negative pressure can develop inside the fluid
phase. The physical situation is displayed in Fig. 14.

It appears that the maximum in sonic or ultrasonic
attenuation is related to a particular organization of
the liquid inside the porous space. However, no water
structure formers such as clay platelets or solvating
ions (Ca?*, K ™) are necessary. This dissipative struc-
ture results from the departure of the equilibrium
conditions that exist at saturation. The situation may
be compared to the damping of waves at the surface of
liquids by Marangoni effect, damping feels surface
modification earlier than defect modulus does. This is
a general phenomenon, for instance in the case of
damping of surface waves on liquids by surfactants,
Q™ '(A) is much more structured than the correspond-
ing ©t(A4) curve, where nw(A) is the surface pressure and
A is the surface per molecule [46].

At low solute concentration the driving term
Ydyn — YVsta WheEre Yqy, is the surface tension of the
disturbed surface and vy, that of the undisturbed
surface, is low. At high bulk concentration the equilib-
rium surface concentration is re-established before the
restoring forces can act. Clearly, this can lead to
a peak in the damping versus concentration curve.
The governing process, which can introduce phase lag
in the stress-strain relation, is the diffusion from the
bulk of the liquid to the surface. In the case under
study surface diffusion is operative and the governing
parameter is the mean square displacement {x). The
Finstein relation {x>* = 2Dt links the surface diffu-
sion coefficient D to the time t. Assuming a liquid like
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behaviour of the adsorbate, D may be taken equal to
10" °m?s™ !, the coefficient of self-diffusion of bulk
water [47] and (x> = 10~ ?m, the width of micro-
scopic cracks considered to be effective, the diffusion
time is 10~ s. According to this description, at satura-
tion, the equilibrium is established by surface diffusion
in the sonic and even the ultrasonic range in a time
smaller than the period of the motion. This explains
that dispersion is rarely observed in damping. A de-
scription of the diffusing species (bound versus free
water, H-bonded versus non H-bonded water) is still
a matter of debate and cannot be solved here.

The physical situation is reminiscent to that prevail-
ing in the so-called mechano-sorption of wood and
other polymeric materials [48-507]. It is found that
changes in RH during either static or dynamic
measurements enhance the viscoelastic properties of
these hygroscopic materials. The mode of coupling of
the adsorbate with the stress field of the solid is sup-
posed to be through hydrogen bonding. As the H-
bonded surface network undergoes reorganization as
the total moisture content changes, one can imagine
that particular configurations out of equilibrium are
strongly energy-dissipative. This can account for the
drying rate sensitivity observed in an irreproducible
manner (and so not reported) in this study. No ex-
planations beyond those put forward in this paper are
offered by the authors [48-51].

As a final remark, the system bears some similarities
with differential scanning calorimetry (DSC) experi-
ments [52,53]. As S,, decreases, exothermic peaks of
ice crystallization frequently exhibit negative shifts in
temperature and structures not explainable by the
Kelvin relation [54]. In this case also, it is suspected
that, at intermediate S, energy barriers arise between
water species located in different local environments,
which leads to compartmentalization. It appears that
non-equilibrium mechanisms are important at inter-
mediate S,, and may be invoked to explain a wide class
of phenomena, especially enhanced attenuation. At
saturation, equilibrium conditions prevail and small
losses, either dielectric or mechanical, are expected.

5. Conclusions
In healthy porous solids with a rigid framework, water
H-bonds to surface hydroxyls and acts as a stiffener of
the structure. This permits a clear distinction between
hydrophilic and hydrophobic surfaces. In cracked
solids, the wedging action of water increases crack
length and leads to a considerable change in the elastic
moduli. Application of the Gibbs’ equation coupled
with a micromechanical model of cohesion allows for
a qualitative interpretation of the experimental results.
Attenuation is a growing function of the water con-
tent. Experiments on graphite as a function of the
hydrophilic character of the substrate provide an en-
lightening proof of the H-bond breaking mechanism.
With regards to damping efficiency, no clear distinc-
tion can be made among water molecules in the first
layer and low temperature desorbing hydroxyls. It is
found that the monolayer correlation, commonly ad-
vanced in the literature, must be revisited. Detailed
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analysis of the shape of water or krypton isotherm,
leading to a precise description of the pore structure, is
much more important than the mere value of the BET
surface area. The maximum in Q' encountered dur-
ing drying of mildly hydrophilic materials has been
interpreted in the general context of phase changes of
liquids in porous media. Clearly more experimental
results are desirable in order to work out a precise
model.
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