Compressing some sol-gel materialsreducestheir stiffness:
atextural analysis
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The mechanical behaviour of two series of silicd ahresorcinol xerogels is analyzed by
mercury porosimetry. The data are expressed asymeesgensity curves, which enables
textural information to be obtained. In particuldr,is shown that some of the analyzed
samples exhibit a marked lowering of their mechanstiffness upon compression. This
observation is analyzed in terms of the collapseth®f sample’s porosity and of the
heterogeneity of the microstructure.

1. INTRODUCTION

The general problem of textural analysis is to aottrinformation about the microscopic
structure of a material out of a macroscopic measent. Many methods exist to characterize
the microstructure of porous materials, for inseradsorption, small angle scattering,
mercury porosimetry, thermoporometry, and so fofth. On the other hand, some
measurements aim at assessing directly a usefpegyoof the analyzed materials. This is
usually the case for mechanical or electrical mesmants. Textural measurements and useful
property measurements can however be analyzeccatuming appropriate models to link the
macroscopic property to the microscopic structure.

Mechanical properties are sometimes measured @nobéxtural information. For
example, rheological measurements are common to g@ne insight into the texture of
polymer solutions and gels [2]. In principle, theeme type of method could be applied to
characterize the texture of dry porous materialsoAvenient way to do this is to use mercury
porosimetry, which is generally used to assesgte size distribution of porous materials.
However, the samples must be strong enough to taitdshigh mercury pressure without
deforming. When it is applied to fragile materiatsich as those synthesized by sol-gel
process, the samples are crushed by mercury ithidweintruded [3, 4]. As a consequence, the
information obtained by this technique is purelycimnical. It conveys some information on
the way in which the microstructure of the matereaists an isostatic pressure. Although the
absence of mercury intrusion renders the usual Modseeless for interpreting the
measurements, the collected data are not devdektifral relevance. Many models exist that
relate the mechanical strength of porous matettateeir microstructure [e.g. 5-7], and some
have been specifically developed to analyze thepemtion of porous materials in mercury
porosimeters [4].

In the present study, the pressure-density cur’ésmseries of silica and of organic
xerogels, obtained by mercury porosimetry, areyaeal at the light of their microstructure. A
special emphasis is given to the fact that thénsss of some of these materials decreases
significantly when the samples are compressed,iwtan also find a textural interpretation.
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Figure 1. Typical transmission electron micrographagments of samples ET2.5 (a) and of ET20

(b).
2. EXPERIMENTAL SECTION

2.1 Analyzed samples

A series of phase-separated silica xerogel samples synthesized using
tetraethoxysilane (TEOS) as main silica precursod &-(2-aminoethyleamino)propyltri-
methoxysilane (EDAS) as additive, as describedwdisee [8]. The dilution and hydrolysis
ratios were kept constant for all the samples, aniy the relative amount of TEOS and
EDAS was modified. After gelation, the samples weaged for one week at 60°C, and
afterwards dried under vacuum. The samples aratteréabelled ETX where X is the molar
ratio EDAS/TEQS in %.

The preparation of resorcinol-formaldehyde xerogeds performed according to a
previous study [9]. The resorcinol/formaldehydea@nd the dilution ratio were fixed at 0.5
and 5.7 respectively. The pH of the starting solutivas adjusted to the desired value with
NaOH. After gelation and ageing at 85°C (72h) thmgles were dried under vacuum. These
samples are labelled RFX, where X is pH of the tsmhu

Typical transmission electron micrographs of fragtaef the first and last samples of
each series are displayed Figures 1 and 2. Thesegraphs were obtained by crushing the
samples into a very fine powder. The global mictadtre of the analyzed materials
therefore corresponds to a random piling of suelgrfrents. The overall appearance of the
samples is typical of many sol-gel material® a sponge-like structure supported by
columns. Globally, the microstructure of these male becomes denser throughout both
series.

50 nm 50 nm

Figure 2. Typical transmission electron micrographBagments of samples RF-5.45 (a) and of RF-
7.35 (b).



Table 1. Textural characteristics of the samples.
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(9/cm?3) (9/cm?) (m?qg) (cm3/g) () (nm) (nm)
ET2.5 0.30 2.65 165 2.96 0.11 71.7 9.1
ET4 0.32 2.13 179 2.66 0.15 59.3 10.5
ET6 0.34 2.10 215 2.46 0.16 45.9 8.9
ET10 0.37 2.04 243 2.21 0.18 36.4 8.1
ET15 0.39 1.97 256 2.06 0.20 32.1 7.9
ET20 0.50 1.91 327 1.48 0.26 18.1 6.4
RF5.8 0.63 1.54 435 0.94 0.41 8.6 6.0
RF6 0.75 1.53 475 0.68 0.49 57 55
RF6.25 0.85 1.52 505 0.52 0.56 4.1 5.2
RF6.5 1.01 1.53 510 0.34 0.66 2.6 51
RF7.35 1.19 1.53 470 0.18 0.78 1.6 5.6

The bulk densitym, skeletal densityps, and specific surface areSer, of these
samples are reported in Table 1, and were alreabiished elsewhere [9, 10]. The specific
volume is estimated a&, = 1/, and the volume density a&= o/0s. The pore and solid
chord lengthdp andls, were estimated from these textural data as dsscupreviously [10].
The meaning of these two parameters is as foll@ksuld a random straight line be drawn
across the porous material, the average lengthtefsection of the line with the pore or solid
phase would be the corresponding chord length.

2.2 Mercury porosimetry measurements

Mercury porosimetry was performed on monolithic ps outgassed down to 0.01
Pa for at least 2 h at room temperature. The sawpdee transferred to a Carlo Erba Pascal
140 porosimeter on which the mercury pressure aiged fromca 0.01 MPa to 0.1 MPa, and
afterwards to a Carlo Erba Pascal 240 porosimetextach the mercury pressure is further
raised to 200 MPa. A blank curve was subtractednftbe raw data to correct for the
compressibility of mercury.

3.RESULTS

The mercury porosimetry data are displayed in Egsir The curves of samples ET2.5 to
ET10 exhibit a two stage phenomenon, already redddr other low density materials [11]:
at low pressure the samples are compressed buttnaded by mercury, and mercury enters
the remaining pores of the crushed material onlgvaba given pressure threshold. The
change of mechanism corresponds to the riser inctinees, also marked by an arrow on
Figure 3. For the samples synthesized with theelrgmount of EDAS and for all the RF
samples, no intrusion occurs, and only the compmess observed. It can also be noted that
intrusion is reversible as the riser is also obsérduring the decrease of pressure, but the
compression is mainly irreversible.

In the present paper, we shall only focus on thepression of the samples. In this
context the data are conveniently expressed garéssure needed to compress the samples to
reach a given volume densitg At any given pressure, the densifP) is estimated as
1/(osV(P)), where the specific volume of the skeleton hesnbestimated as4y/ andV(P) is
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Figure 3. Mercury porosimetry curves measured (a}itica xerogels: ET2.51; ET4 (©), ET6 @),
ET10 @), ET15 (J), and ET20 %), and (b) of resorcinol xerogels: RF58);(RF6 (), RF6.25 {),
RF6.5 @), RF7.35 [0). The full and dotted lines are the pressure emxeand decrease respectively.
The curves are arbitrarily shifted vertically. lig&re a, the arrows highlight the onset of mercury

intrusion.

the specific volume of the material at pressRré&ince no mercury intrusion occukgpP) is
derived from the mercury porosimetry datavgB)=1/0,-Vig(P). TheP vs. gcurves obtained
from the data of Figure 3, and from the densitiesTablel, are plotted in Figure 4 in
logarithmic scales. For all samples, when the presss initially increased, the volume
fraction remains first unchanged, and compactidy bagins when a given yield pressure is
reached. For both series, the yield pressure isesewith the initial volume fraction of the
material. At pressures higher than the yield, tbeygaction follows a power law, which
exponent can sometimes be related to the elemet¢foymation mechanisms of the material
[5, 7].
In order to analyze in more details the behavioithe samples near the yield
pressure, it is useful to estimate their compressnodulus, defined ak = @ dP/d@ This
guantity is plotted in Figure 5 for all samplesr Bamples ET2.5 to ET& exhibits a plateau
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Figure 4. Pressure density curves of (a) on skeagels: ET2.5(); ET4 (0), ET6 @), ET10 ¢),
ET15 (O0), and ET20X), and (b) of resorcinol xerogels: RF58;(RF6 (), RF6.25 ), RF6.5 ¢),

RF7.35 M.
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Figure 5. Pressure density curves of (a) on skeagels: ET2.5(); ET4 (0), ET6 @), ET10 ¢),
ET15 (O), and ET20X), and (b) of resorcinol xerogels: RF58;(RF6 ©©), RF6.25 ), RF6.5 ¢),
RF7.35 .

at the beginning of the compression &ahcreases continuously afterwards according to the
same power law aB (see Figure 4). An interesting feature that israthdy all the other
samples is that the beginning of compression i®rapanied by a marked decreaseKof
which means that these samples initially becomisapon compression.

4. DISCUSSION

A first observation that can be made from Figureand 5 is that the compaction of RF
xerogels and that of silica xerogels ET15 and Ed@Es not resemble that of an aggregate of
colloidal particles ¢g. 7, 12]. For such a structure, the mechanical gtrewof the links
between particles is weaker than that of the pagtithemselves. At low pressure, the
compaction of colloidal aggregates is thereforeeeigd to occur mainly via a reorganization
of the particles, with destruction of the linksweéen particles. This mechanism can only last
until the density approaches that of a dense pgclgn= 0.64 for monodisperse spheres).
Further compaction can only occur through the desbn of the particles themselves, which
should only occur at a significantly higher pressurhis would lead to a riser in tievs. ¢
curves neaty = 0.64. No such riser is detected for any of thwelisd samples (see Figure 4).
In the case of ET20 for instand@ncreases smoothly until very high valuegsre reached
(Figure 4a).

From TEM observations, the ET2.5 to ET6 seem tpdréiculate, as is also visible in
Figure la. For these samples however, mercurysiainudoes occur at high pressure. Since
the compaction of samples ET2.5 to ET6 ceases ddfgh values ofp are reached, no
conclusion on the particulate nature of these nasecan be drawn from the present analysis.

Another striking observation is the lowering Kffor some samples when they are
compressed (see Figure 5). This phenomenon haskioeem for long for similar systems.
For instance Grosset al. observed that the velocity of sound propagatiorsame sol-gel
materials decreases when they are compressedTfi@]explanation given by these authors
for the phenomenon is summarized in Figure 6a.miceostructure of many sol-gel materials
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Figure 6. Deformation of the struts that suppoet plorous network of sol-gel materials, according
(a) to Gros#t al. [12] and (b) to Pirarét al. [4], and corresponding force-length relati¢ifk).

is a sponge-like structure, supported by elongateds similar to those visible in Figure 1a.
Because the struts often have knee-like defecty, dine expected to become progressively
weaker when they are compressed. The force-lergjttion F(L) of the struts becomes
progressively flatter wheh is decreased d¥ increased. Therefore, the macroscopic lowering
of K may be directly related to the lowering of the mscopic stiffnesk = dF/dL of the
individual struts.

It can be noted that the knee model of the straes gredict their collapse when the
force is increased. Indeed, the change in lenbthrebulting from an increase of the forde, d
increases very rapidly for increasing valuesFof{see Figure 6a). In another model of the
struts, Pirarcet al. [4, 11] neglects the influence of the knees arglyssts that the collapse of
the pores be related to the buckling of the stfetgure 6b). This geometrical approximation
leads to a well defined value for the force at whiickling occur$-g. According to Euler’s
law, the critical force at which buckling occursrédated to the length of the beam byg ~
1/L?[14]. One therefore expects that the pressure athithe porosity of a material collapses
be inversely related to the size of its pores. haseral conclusion is also expected to hold
gualitatively for the knee model. In the ambit afad’s buckling model, the quantitative
relation isP~1/L* [4, 11]. From the curves of Figure 4, it is clézat the yield pressure of the
analyzed materials increases continuously from ET@.ET20 and from RF5.8 to RF7.35,
which is in qualitative agreement with the valués-oeported in Table 1.

In addition to the mechanism suggested by Gebss. [13], the very collapse of the
pores can explain the lowering Bf of the ET samples upon compression. The change in
density dpof a sample upon increasing the pressure by d amaluntdP can be written as:

dp=dg +dg. (1)

where dg is the elastic contribution arlz is the contribution from the collapse of pores.
Recalling the definition of the compression modulkis= ¢ dP/dg Eq. (1) can be written
equivalently as:

1. 1,1 (2)

K K¢ K

where the individual compression moduli were defings Kgc = ¢ (dP/d@kic. The
compaction of a material which microstructure woble similar to that of Figure 7a, is
expected to be the following. Since the lengthritistion of the struts is narrow, all the pores
collapse at the same pressure, Pay For P<Pg, the struts are deformed elastically, and
according to Eq. (2), ones h&s= Ke. WhenP approache#$’s, the largest pores begin to
collapse. Since the volume loss resulting fromdbikapse of a pore is much larger than any
possible elastic deformation of the same poreapsk can only lead to a loweringkinear



Figure 7. Pictorial examples of materials whoseopity is supported by elongated struts and whose
microstructure is (a) homogeneous or (b) heteragenat a scale much larger than the struts.

P = Pg. For P>Pg, there are no pores left to collapse and the crayvaf the microstructures
is such thaK increases again. This succession of events casitiyeexplain the shape of the
K vs. gcurve of sample ET20 (Figure 5). Furthermore,fdot that the minimum oK shifts
towards lower values apand ofP from ET20 to ET2.5 compares well with the sizetlof
pores|p, in these samples (Table 1).

The collapse of the porosity cannot be respondinéhe lowering ofK in the RF
samples, as for these samples it is initially retompanied by any significant increase¢of
(Figure 5b). In this case, the origin of the loweriof K lies in the heterogeneity of the
samples. In a sample such as in Figure 7b, thedasiruts that would buckle at low pressure
are surrounded by denser regions of shorter sWiten the pressure exerted on the material
increases, so does the load supported by eachidodivstrut. The largest struts begin to
buckle when their yield load is reached, but théapse of the pores is prevented by the
surrounding smaller pores. Since the load suppdryeal buckled strut remains constant and it
cannot exceedfg (see Figure 6b), any subsequent increase in #syre concentrates the
additional load in the not yet buckled shortertstrifhe net effect of an increase in pressure is
therefore to share the total load among a smallenber of structures without significantly
reducing the volume, by which the macroscopic re$s can only decrease. It should be
stressed that a qualitatively similar conclusionldde reached with the knee model of the
struts. The collapse of the porosity only occurprassures sufficiently high for the network
of buckled structures to percolate throughout tlaenwscopic solid.

5. CONCLUSIONS

The texture of two series of silica and organicogets was analyzed by mercury porosimetry.
The samples are mainly compressed but not intrbgetiercury in the porosimeter, and the
information obtained is therefore purely mechanigatextural information can however be

extracted from the data by analyzing the way inclvka given microstructure should resist a
compressive stress.

In the case of the analyzed silica xerogels, theetng of the stiffness when some
samples are compressed can be interpreted as lthpseoof a homogeneous porosity. In the
case of the organic xerogels, the lowering{aftems from the buckling of the microstructures
of the materials without any significant collapsshich is likely to occur only for
heterogeneous samples.
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