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The surface structures of entrained air voids in hardened cement paste were examined by means of an
environmental scanning electron microscope (ESEM). Three different pure anionic surfactants were used:
sodium dodecyl sulfonate (SDS), sodium dodecyl-benzene sulfonate (SDBS), and sodium oleate (SO). It
was observed that a distinct shell forms around most of the entrained air voids regardless of the surfac-
tant used. It was also shown that some hydration products can grow into the air voids at very early ages
and may fill considerable amount of the void volume. In addition to the microscopic evaluation, a mod-
ified foam index test and surface tension measurements were also conducted on the solutions with dif-
ferent mixtures. It was determined that since oleate molecules coming from SO were precipitated in the
mix as calcium oleate, exiguous amount of air bubbles were stabilized in the paste; however, when SDS
and SDBS were used, an acceptable amount of air bubbles were stabilized.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete is the most widely used construction material
throughout the world. However, this material is susceptible to
deterioration from aggressive environmental conditions. The
mostly widely seen deteriorations of concrete structures are sul-
fate attack, corrosion of steel reinforcement, freezing and thawing,
and alkali silica reaction. The effects of such damage can impact
both the domestic economy and global energy consumption.

Improvements in microscopy techniques have produced new
insights to the microstructure of concrete giving new ideas and
opportunities to understand the damage mechanisms of these det-
rimental effects. Many researchers have investigated freezing and
thawing damage to concrete as early as the 1940s [1-5]. Since
then, several mechanisms that damage concrete during freeze-
thaw cycles of pore water have been identified: The hydraulic pres-
sure [2] caused by the 9% volume increase as water undergoes a
phase transformation into ice; the osmotic pressure [3] caused
by the ion concentration difference between the frozen and the un-

* Corresponding author. Tel.: +90 (212) 285 3765.
E-mail addresses: hnatahan@ins.itu.edu.tr (H.N. Atahan), ccj@calmail.berkeley.
edu (C. Carlos), busyrosy@berkeley.edu (S. Chae), monteiro@ce.berkeley.edu (P.J.M.
Monteiro), jbastacky@chori.org (J. Bastacky).

0958-9465/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2008.02.003

frozen parts of the connected pore system; and the thermody-
namic disequilibrium [5-7] that occurs between the frozen and
unfrozen parts which drives the super-cooled water towards the
frozen sites to release its latent heat of fusion.

Regardless of the mechanisms that occur during freezing, es-
cape surfaces are necessary to relieve the pressure in the cement
matrix. Currently, air-entraining admixtures (AEAs) with different
chemical compositions are widely used in the production of con-
crete in an attempt to extend its service life against the exposure
to freeze-thaw cycles. AEAs belong to the group of chemical admix-
tures also known as “surfactants” which is an abbreviation of “sur-
face active admixtures”. Surfactants generally have a molecular
structure of a long non-polar hydrocarbon chain and a polar group
at one end [8]. Since surfactant molecules have a strong bipolar
nature, they tend to be adsorbed and usually concentrate at the
air-paste interface (i.e., around the air voids). As a result of this
property, the surface layer around the entrained air voids may have
a different composition with respect to the bulk fluid in the mix-
ture. This should be taken into consideration regarding the mor-
phology of air-paste interface zone.

Rashed and Williamson examined the microstructure of en-
trained air voids in concrete in 1991 [9,10]. In their study, the
SEM micrographs (which were taken only 5 min after hydration)
demonstrated the presence of very fine particles at the air void
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shell. Thus, they concluded that the existence of these fine parti-
cles, which are mainly cement and silica fume (when added), ex-
plains the formation of the shells. A recent study by Corr [11,12]
also observed the same thin shell forming at early hydration pro-
cess when sodium oleate and sodium dodecyl-benzene sulfonate
were used as surfactants. In addition, Corr also reported that the
shell on the surface of the air void may prevent ice from penetrat-
ing into the air void, and increase the level of damage by generat-
ing extra hydraulic pressure inside the cement matrix.
Consequently, studying the strength and the permeability of this
shell will bring further insights to the damage mechanisms of
freeze-thaw cycling.

The experimental work addressed in this paper examines the
entrained air void surfaces using an ‘environmental scanning elec-
tron microscope’ (ESEM). Because the intention was to investigate
the surface morphology of entrained air voids, fractured surface of
specimens were not treated (e.g. carbon coating) to avoid damag-
ing the surface. Three different pure surfactants were used with
and without superplasticizer in order to observe the differences
caused by these surfactants on the morphology of entrained air
voids. In addition, modified foam index test and surface tension
measurements were performed on the solutions containing surfac-
tants to determine the surfactant-cement compatibility and to find
out the performance of surfactants from the point view of their
capability of reducing surface tension.

2. Materials

In this experimental work, the following three surfactants were
used: sodium dodecyl sulfate (SDS), sodium dodecyl-benzene sul-
fonate (SDBS), and sodium oleate (SO). A polymerized naphthalene
sulfonate (PNS) based superplasticizer was chosen because of its
use in almost every commercial concrete mix. Six different mixes
were examined as three surfactants were mixed with and without
superplasticizer.

The major portion of commercial surfactants are based on rela-
tively small amount of raw materials and these surfactants that are
used in concrete technology are categorized into five different
groups [13]: neutralized wood resins, fatty acid salts, alkyl-aryl
sulfonates, alkyl sulfates, and phenol ethoxylates. SDS belongs to
the alkyl sulfates group, SDBS belongs to the alkyl-aryl sulfates
group, and SO belongs to the fatty acids salts group. A detailed clas-
sification and performance characteristics of air-entraining agents
used in concrete technology can be found in [8]. ASTM C-150 type
I/Il cement was used and the water to cement ratio (w/c) of all
mixes were kept constant at 0.35. The chemical composition of ce-
ment is given in Table 1. For all mixes, the amount of cement was
kept constant at 50 g. All the pure surfactants were dissolved in the
de-ionized water at a concentration of 0.5% (5 g surfactant per liter
of water), or 0.18% of the weight of cement used, which may be
considered to be high for a pure surfactant. When it was used,
PNS was dissolved in the mixing water at a concentration of 1%
(10 g PNS per liter of water), or 0.36% of the weight of cement used.
Mixing sequence of the materials was as follows:

(1) Prepare surfactant solution.

(2) Incorporate superplasticizer to the surfactant solution when
necessary.

(3) Add the solution into 50 g of cement and mix.

Table 1
Cement characteristics, mass%

Cement K0 Na,0 Cao (free) CsS C,S CA C4AF
Type I/1I 0.35 0.06 1.6 54.8 15.9 44 13.7

All the samples were prepared by hand-mixing vigorously for
approximately 6-8 min and then by casting into 10 x 10 x 6 mm
plexiglass molds with a 1.5 mm deep notch inclusion. The notch in
the sample guaranteed easy fracture and a leveled fractured surface.

3. Experimental methods
3.1. Foam index test

The purpose of the foam index test is to predict surfactant-ce-
ment compatibility using a simple method and evaluation. The
modified foam index test proposed by Corr et al. [11] was deemed
more applicable to this experiment because it allows a better com-
parison between the three surfactants with and without the effect
of cement.

The procedure for the modified foam index test was as follows:

(1) Prepare 100 ml of surfactant-water solution 0.05 at% con-
centration (0.5 g surfactant per liter of water).

(2) Pour 20 ml of the surfactant-water solution into a 50 ml
graduated cylinder. Add 4 g of cement when necessary (w/
c=5).

(3) Cap the graduated cylinder and shake continuously for 15 s.
Record initial volume.

(4) Lay the cylinder on its side for 5 min.

(5) Record the final volume.

The absolute volume of the foam and the relative lack of change
between the final and the initial volume of the foam indicate the
foam stability. The compatibility between the cement and each
surfactant can be implied by relative change in the foam stability
between surfactant solution and surfactant solution with cement.

3.2. Surface tension tests

Surface tensions of the surfactants in different solutions were
measured using the Wilhelmy Plate method [14]. The test method
measures the force between a probe and the surface of a fluid. A
rectangular roughened platinum thin section plate was used as a
probe. The platinum plate was hung vertically on a balance and
lowered until it came in contact with the solution surface. The
plate was dipped 3 mm into the liquid, and raised up 1 mm. At
the equilibrium point, the forces acting on the balance are the
weight of the platinum plate, the up-thrust force on the submerged
part of the plate, and the surface tension of the liquid touching the
plate. The forces present in this situation are a function of the size
and shape of the plate, the contact angle of the liquid/plate inter-
action, and the surface tension of the liquid. The contact angle of
the liquid/plate interface is zero under the assumption that the
solutions completely wet the plate. Consequently, the surface ten-
sion forces act directly downwards and in-plane on the platinum
plate. The surface tension of the liquid is calculated by dividing
the surface tension force (milliNewton, mN) to the wetted length
of the plate (meter, m), which equals to two times the width of
the Wilhelmy thin plate.

In our experiments, we used three pure surfactant solutions [Ss]
with the same concentration used in the foam index test. In addi-
tion to the pure surfactant solutions, surface tensions measure-
ments were also preformed on surfactant solutions suspended
with portland cement [Ss + PC] and calcium hydroxide [Ss + CH].
The w/c ratio was kept constant at 5 and the calcium hydroxide
saturated into solution as 0.16% by weight of the surfactant solu-
tion. Since suspended cement particles or dissolved Ca(OH), parti-
cles influence the results, the samples were centrifuged to separate
the particles from solution before testing. Furthermore, the
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surfaces of the solutions were aspirated just before testing to re-
move floating particles and the thin film formed on the surfaces
of the solutions. The laboratory temperature and relative humidity
were 24 °C and 40%, respectively.

3.3. ESEM microscope

Typically micrographs are taken using scanning electron micro-
scope (SEM) with high vacuum chambers. To obtain high range of
magnification and clarity of images, the fractured surface had to be
sanded smooth, dried, then carbon coated, which may alter the
surface of the entrained voids. A Philips XL 30 Environmental Scan-
ning Electron Microscope (ESEM) can produce micrographs of en-
trained air voids without the alterations to the fractured surface.
ESEM is a very strong tool for the observation of cement paste at
very early ages during hydration of cement when it is used in
wet mode [15]. By the utilization of a cooling stage, the combina-
tion of low temperature (e.g. 4° C) and high water vapor pressure
(e.g. 6.1 Torr) in the specimen chamber permits the user to achieve
almost 100% relative humidity at the sample surface. In these con-
ditions wet or hydrated specimens can be observed without drying
in a natural environment.

For this experiment, a cooling stage was not available and spec-
imens were observed at ambient temperature (approximately
20° C), pressure of about 2.3 torr, and relative humidity of 13% in
the chamber. After casting, the samples were kept in a fog room
until the evaluation day. Specimens were removed from the molds
after 24 h, and were fractured moments before observation. Frac-
tured surfaces of the specimens were examined at 1 and 7 days
in the ESEM using a beam voltage of 10 kV and a working distance
of around 10 mm. During the tests no charging was seen on the
specimens’ surface. Advantages of using ESEM are as follows:

(1) The specimens’ fractured surfaces needed not undergo car-
bon coating surface treatments that would otherwise be
required if conventional SEM was utilized.

(2) The ESEM made it possible to keep the pressure moderate in
the specimen chamber (2.3 torr). A conventional SEM would
require high vacuum (10~4—10~° torr) which may affect the
surface properties.

4. Results and discussion
4.1. Foam index test

Fig. 1 presents a plot of the test results expressed in percent free
volume of the graduated cylinder. Foam stability is implied by the
lack of volume change 5 min after shaking. Evaluating the plot, all
pure surfactant solutions showed no change in volume. Although
SO solution produced less volume of foam, it still showed foam sta-
bility. The addition of cement decreased the initial volume of foam
for all three surfactants. In addition, for the case of SDS and SBDS
solution, the foam volume also decreased 5 min after shaking.
The addition of cement for these two surfactants decreased the
foam stability somewhat. In the case of SO, very little foam was
produced after 15 s of shaking, suggesting that there was no foam
stability and no likelihood of compatibility between the pure SO
and the cement used.

4.2. Surface tension test

In order to understand the compatibility problem between so-
dium oleate and cement, surface tension measurements were ta-
ken on different solutions. Fig. 2 presents a plot of the surface
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Fig. 2. Surface tension test results.

tension test results. In this figure, the three groups of bars show
surface tensions of SDS, SDBS, and SO solutions with different com-
binations such as cement and calcium hydroxide. The last bar
shows the surface tensions of de-ionized water.

Comparing to the surface tension of de-ionized water measured
as 71.7 mN/m, the surface tensions of surfactant solutions with
SDS, SDBS, and SO were measured as 40.6, 31.1, and 25.2 mN/m,
respectively. These initial results indicate a slightly greater reduc-
tion using SO in surface tension when compared to SDS and SDBS;
however, when calcium hydroxide or Portland cement was in-
cluded in the solutions, the surface tension of SO solution dramat-
ically changed to values approximately equal to the surface tension
of water. Similar results were experienced during the foam index
test when the sodium oleate solution and cement were mixed.

Molecular formulas for this three anionic surfactants are as fol-
lows: SDS: CHg(CH2)110503Na, SDBS: CH3(CH2)11C5H4503N3, and
SO: CH3(CH,);CH=CH(CH;);COONa. In solution, the surfactant
molecules consist of a non-polar hydrocarbon chain with an anio-
nic polar group. The anionic polar group of the SO consists of a car-
bon bonded with oxygen. The SDS and SDBS both have sulfate
bonded with oxygen for their anionic polar group with SDBS
including a benzene ring. Calcium ions bond with the anionic polar
group forming most likely CaSO,4, CaSO,4 - 2H,0 and CaCOs. The sol-
ubility’s of CaSO4, CaSO,4 - 2H,0 and CaCOs per 100 g of water are
0.209 g, 0.265 g and 1.5 x 103 g, respectively, [16]. The lower sol-
ubility of CaCOs indicates that it will remain as a precipitate rather
than dissolve in water unlike the sulfate molecules, which will
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more likely dissolve in water. When mixing solutions with cement
or Ca(OH),, the calcium ions are released into the solution, and
these ions react with the oleate forming calcium oleate [17],
(Ca(OL),), which is an precipitant and almost insoluble in water.
The solubility of calcium oleate per 100 g of water is 107!>4 [17].
Since calcium ions have double positive charges, they need two
oleate molecules when replacing with sodium ions:
(OL)—Ca?*—(OL). Sodium oleate and Ca®* ion interaction in the
solution can be written as follows:

2[C17H33C00 Na*] 4 Ca®" — C37H33C00 Ca** ~0O0CH;53Cy7 + 2Na*.

From this equilibrium, it can be concluded that, the bond between
the Ca?* and the two polar heads of oleate molecules, COO~, makes
calcium oleate immiscible in water, which is similar to very low sol-
ubility of CaCOs; in water. Consequently, precipitation of Ca(OL);,
from solution prevents oleate molecules from generating and stabi-
lizing foam. Basically, fatty acid salts like sodium oleate are consid-
ered ‘soap’. Although soaps have similar molecular structures and
properties as synthetic detergents like SDS and SDBS, they can eas-
ily react with ions of calcium to form Ca(OL),, where synthetic
detergents do not react as readily with these ions. As a matter of
fact, the problem here is similar to hard water, containing dissolved
salts of calcium, magnesium and/or iron, and soap dissonance. The
dissolved salts in hard water combine with soap molecules, and the
resultant product is a water-insoluble scum, which is basically
Ca(OL),. This phenomenon is also discussed by other researchers
[18,19]. They explain that the air-entraining agent is precipitated
by the calcium ions forming calcium salt, the surfactant then be-
comes unavailable for air-entraining action. However, the precipit-
ants formed on the bubble surface may reinforce the air bubbles
and prevent them from coalescence [18].

For the SDS solution, the addition of calcium hydroxide into the
solution did not cause a remarkable change in surface tension and
was measured as 41.6 mN/m. Portland cement added to SDS solu-
tion changed the surface tension from 40.6 to 50.0 mN/m, but this
value is considerably below the surface tension of water and gives
good results from the air entrainment point of view. The results for

SDBS were very similar to SDS. Fore instance, calcium hydroxide
included in solution with SDBS changed the surface tension from
31.1 to 33.6 mN/m, and for Portland cement changed to 46.4 mN/
m. This value is also considered below the surface tension of water
and as shown to work as air entrainment in cement pastes. Since
SDS and SDBS are synthetic surfactants, they do not react as readily
with calcium ions.

4.3. Microscopic evaluation

Since three different pure surfactants were used in this experi-
mental work, this section of paper is broken into three parts: the
results obtained from sodium dodecyl sulfate (SDS) mixes, the re-
sults obtained from sodium dodecyl-benzene sulfonate (SDBS)
mixes, and the results obtained from sodium oleate (SO) mixes.

4.3.1. Sodium dodecy! sulfate (SDS) mixes

From the micrographs of 1 day old specimens, distinct shells
around entrained air voids were observed when pure SDS was used
with and without PNS. This agrees with the shell formation ob-
served by Rashed et al. [9], who studied the early hydration of
freeze dry cement paste samples with entrained air voids using a
low temperature scanning electron microscope [20,21]. They note
that the fine particles that make up the shell would react at a later
age to form various hydration products.

According to the micrographs obtained in our work, the appear-
ance of surface texture of voids with SDS specimens can be
grouped into different categories depending on age and admixture
combination. For 1 day old specimens, when PNS was not used, it
was observed that some of the air voids have very smooth but per-
forated surfaces (Fig. 3a-c) while others had more crimpled sur-
faces (Fig. 3d). At the same time, some of the voids had many
visible capillary openings on their surface while others had none.
These phenomena are seen in Fig. 3a.

At 7-days, the same mix sample showed a change in surface
characteristics of the entrained air voids. This was expected, since
all the specimens were kept in a fog room for the duration of 7 days
allowing the hydration process to continue. A number of voids

Det WD Exp
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Fig. 3. Different voids from 1 day old SDS specimen without PNS.
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Fig. 4. Different voids from 7-day old SDS specimen without PNS.

were spotted with a growth of various hydration products (Fig. 4a
and b). Especially apparent were slender and hexagonal shaped
Ca(OH), (CH) crystals. Sometimes, small needle-like crystals were
observed in some of the voids (Fig. 4a). These crystals may either
be ettringite or a form of calcium silicate hydrate. The appearance
of the crystals may indicate an existence of water layer on the void
surface during the hydration process. The thickness of the water
layer on the surface may have a direct effect on the amount of
these hydration products.

Another significant change between the surface characteristics
of 1-day and 7-day specimen was the reduction in the visible cap-

BEIWOREp B —— 1" T0um

GSE 11 670 23 Tarr

illary channel openings (Fig. 4c and d), leading the conclusions that
the surface structure of entrained air voids get denser as cement
hydration progresses. When the performance of air voids is taken
into account, any change in the structure of the shell during hydra-
tion will have an effect on the frost durability of the cement based
materials.

Since most of the capillary openings were filled or covered
(Fig. 4c) by the hydration products, both physical and mechanical
properties of air shell are affected. Decreased porosity of air shell
will make the voids less permeable, causing an increase in hydrau-
lic pressure in the matrix when the water freezes. If the expelled
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Fig. 5. Different voids from 1 day old SDS specimen with PNS.
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water coming from freezing sites can penetrate into air voids with-
out damaging the matrix, performance of air voids may not be af-
fected. So, physical and mechanical properties of air shell should be
studied further in detail to obtain more realistic modeling of ice
damage mechanisms in cement based materials.

Excessive growth of hydration products within the entrained air
voids may also reduce the air void performance during freeze-thaw
cycles. As seen in Fig. 4b, the hydration products fill considerable
amount of void volume, and significantly decrease the volume

»
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GSE'114 0 2 3o

WD Exp ——— b5um

180 23 Torr

available for ice formation in the air void. It is also known that
large crystals can form in the air voids when the concrete is kept
under saturated conditions [22]. Since freeze-thaw cycles continu-
ally wet and dry the surface of the air voids, the hydration products
can continue to grow inside air voids. Furthermore, the entrained
air voids close to the surface may be more susceptible to this filling
effect when spalling occurs. The total volume of entrained air voids
may change during the service time of concrete structures depend-
ing on the conditions that the concrete is exposed.

Fig. 7. Different voids from 1-day old SDBS specimen without PNS.
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The micrographs of SDS samples with the combination of PNS
have shown similar results as the samples without PNS. The voids
also had smooth and perforated surfaces. For some of the voids,
however, small quantities of CH crystal growth were observed in
the 1-day specimen (Fig. 5a-d). This is contrary to what we saw
in the specimen without PNS where no CH growth was observed
after 1-day. The surface structure of the air voids in the 7-day spec-
imen with PNS was also denser and covered with hydration prod-
ucts (Fig. 6a-d). Significant CH crystal growth was seen in both the

-
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samples with and without PNS which implies that PNS is not a con-
tributing factor to CH growth.

4.3.2. Sodium dodecyl-benzene sulfonate (SDBS) mixes

Similar to the SDS specimens, distinct shells were seen around
the entrained air voids when SDBS was used with and without
PNS. Taking the 1-day old specimen without PNS into consider-
ation, almost all of the entrained air voids had very smooth sur-
faces (Fig. 7a-d). On the surface of some of the voids, a few CH
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Fig. 9. Different voids from 1-day old SDBS specimen with PNS.
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crystals were observed (Fig. 7c and d) at approximately 2 um thick-
ness. Capillary channel openings were also visible on the surface of
1-day specimen.

Micrographs of air voids from 7-day specimen without PNS are
shown in Fig. 8. In respect to 1-day specimen (Fig. 7), it can be seen
that the surface texture of air voids did not change dramatically.
Almost all of the air voids observed in this specimen (Fig. 8a and
b) showed very small needle-like crystal growth on their surfaces.
To identify elemental composition of these crystals, a higher mag-
nification range microscope with Energy dispersive X-ray spectros-
copy (EDS) is necessary.

In Fig. 8c and d, two different air voids from the same sample is
seen. These voids are almost filled by flaky and very thin hydration
products. These thin crystals, although not distinctively hexagonal
in shape, may be CH. Under ideal conditions of crystallization, CH
crystals form as hexagonal plates. This shape was probably dam-
aged during fracture process. On the other hand, it is also known
that the growth pattern of CH can be altered by the admixtures
used in the mix, especially affecting the aspect ratio of unit cell
formed during cement paste hydration [23,24]. Berger and McGre-

vl-. b

'l -
.,
g W -

Bot Wil Bp el 10,0 gl
GSES8 0 2.3 Torr [

gor [23] have shown in their results that sulfates tend to produce
CH morphology, reducing the aspect ration to below 0.5. Such phe-
nomenon was observed on all of the CH crystals both in SDS and
SDBS samples. Taylor [24] mentions that as the hydration pro-
ceeds, main deposits of CH become massive and indeterminate in
shape with still good cleavage. This was observed in Fig. 8c and
d, as opposed to perfectly shaped crystals that were seen in youn-
ger pastes (Fig. 5¢ and d).

In addition, most of the voids that were found filled with hydra-
tion crystals (Fig. 8c and d) were located very close to the specimen
surface. Since all the specimens were kept in the fog room, conden-
sation thus abundance of water on the surface of the specimen may
contribute to relatively excessive crystal growth.

In Fig. 9a-d, some of the micrographs taken from the 1-day
SDBS specimen with PNS are shown. According to these micro-
graphs, the surface texture of the voids varied from smooth
(Fig. 9a and b) to wrinkled (Fig. 9c and d). Note that the formation
of distinct air shell is seen clearly on the boundaries of voids
(Fig. 9a and c) regardless of void surface texture. In 1-day speci-
men, no hydration products were observed in the entrained air

Fig. 11. Different voids from SO specimen without PNS.
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Fig. 12. Different voids from SO specimen with PNS.

voids. The 7-day specimen showed growth of flaky and needle-like
crystal growth within the voids (Fig. 10a and b).

4.3.3. Sodium oleate (SO) mixes

The results of foam index test have shown that the combination
of cement and SO caused very poor air entrainment in the cement
matrix. This was also observed during the ESEM imaging on hard-
ened cement paste samples. Comparing the SO with SDS and SDBS,
there were significantly less entrained air voids in hardened ce-
ment pastes. The absence of voids also agreed with the surface
tension measurements, which indicated a compatibility issue be-
tween the surfactant and the cement, more specifically, the cal-
cium in the cement. The interactions between sodium oleate
molecules and Ca®* ions were discussed before. In brief, poor air
entrainment was the result of precipitation of the oleate molecules
in the mix and destruction of their air stabilizing properties. How-
ever, ESEM micrographs show that in spite of the precipitation of
oleate molecules in the cement matrix, a small amount of en-
trained air voids were still observed with unusual surface struc-
tures (Figs. 11 and 12). In Fig. 11a-d, micrographs taken from 1
and 7-day old SO specimen without PNS are shown. Very little dif-
ference was observed over time. Most shell surfaces were wrinkly
and very few channel openings were seen. There was no crystal
growth observed in either specimen. Fig. 12a-d shows micro-
graphs taken from 1 and 7-day old SO specimen with PNS. The dif-
ference between air voids with and without PNS is insignificant.
All of the shells appeared to be wrinkled with no crystal growths
for both 1 and 7-day old specimens. This structure may have been
caused by precipitants of calcium oleate. Oleate molecules were
adsorbed and concentrated on the air/water interface where they
stabilized the air bubbles, but then were probably precipitated at
the interface because of the calcium ions causing the wrinkled
appearance. This appearance on the surface may also imply that
these voids occupied larger space when they were being stabilized.
To understand the exact composition of the surface, further analy-
ses are required.

5. Conclusions

Within the limits of this experimental work, the results can be
summarized as follows:

(1) Adistinct shell forms around most of the entrained air voids
regardless of the surfactant used. Physical and mechanical
properties of this air shell may be affected from the type of
surfactant used in the mixture.

(2) Hydration products, such as Ca(OH), and needle-like crys-
tals, grew into some of the air voids at very early ages. These
products may fill a considerable amount of the void volume,
which might affect the air void performance.

(3) Since a distinct shell forms around most of the entrained
air voids, permeability properties of this shell should
also be taken into consideration in the modeling of freezing
of cementitious systems. However, further studies are
needed to determine the permeability properties of this
shell.

(4) Since oleate molecules were precipitated as calcium oleate
when reacting with calcium in cement, exiguous amount
of air bubbles were stabilized in the cement paste. How-
ever, when SDS and SDBS were used, acceptable amounts
of entrained air voids was experienced in the cement
paste.

(5) Within the limits of the materials used in this experimen-
tal work, it can be concluded that the surface characteris-
tics of voids entrained with SDS and SDBS were too
similar to separate the surface characteristics between
SDS and SDBS voids. Because the surface structure of voids
entrained by SO was unusual, it was excluded from this
conclusion.

(6) The environmental scanning electron microscope can be
used successfully as a strong tool for the observation of the
microstructure of entrained air voids in cementitious
systems.
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