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Recent research has suggested that the shell of an air-entrained void is important for resisting coalescence
between air-voids and diffusion of gas from the surrounding fluid. The current paper describes the physical
and chemical properties of an air-void shell during the first 2 h of hydration and chemical characteristics at
60 days. Results from this research suggest that the air-void shells found in air-entrained paste have varied
physical properties and the crystalline material of these shells is largely made up of fine cement particles
during the first 2 h of hydration. Observations of paste at 60 days of hydration suggest that the shell is made
up of calcium silicate hydrate (C-S-H) with a morphology different from that in the bulk paste.

© 2009 Published by Elsevier Ltd.

1. Introduction

Air-entrainment is the primary method to provide resistance to
damage from freezing and thawing and salt scaling in concrete in
North America. These bubbles are typically 10 pm to 1 mm in diameter
and are stabilized with a surfactant during the mixing process.
Extensive research has been performed on the bulk properties of air-
entrained concrete and the distribution and volume of air-entrained
bubbles in response to common changes in the system such as
changes in mixing temperature or pressure from pumping or the
weight of other concrete during placement. However, very little work
has been done to investigate the fundamental behavior and properties
of an air-entrained void and its surrounding shell. These shells have
been suggested by Ley et al. [1] to be important in resisting the
diffusion of gas into an air-entrained void from the surrounding fluid.
Diffusion of gas is important as it suggests that the small air-voids may
diminish or decrease in size with time in fresh cement paste and lead
to the increase in size of the more coarse air-voids and total volume of
air [2].

This phenomenon could explain the occasional discrepancy
between the measurements of the total volume of fresh and hardened
air content as reported by several researchers [3,4].

The goal of the present study was to investigate possible changes in
air-void size and volume in fresh paste as suggested by Mielenz et al.
[2]. A further goal was to characterize the nature of the air-void shell
that governs this behavior. This paper presents investigations of the
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relevant physical properties of air-entrained voids and their response
to outside stress. Furthermore, x-ray diffraction (XRD), scanning
electron microscopy (SEM), and energy-dispersive x-ray analysis
(EDXA) are used to determine the chemical properties and morphol-
ogy of the air-void shell at times of less than 2 h and at 60 days.

1.1. Background

In some of the earliest work done to investigate the fundamental
characteristics of an air-void system in concrete, Mielenz et al. [2]
photographed air-entrained voids in dilute pastes (i.e. high water-to-
cementitious material ratio (w/cm)) with the aid of an optical
microscope. These pictures showed that the perimeter of the air-
entrained voids was covered by an early hydration shell. It was
suggested that these shells could be made up of either a precipitated
solid or gelatinous film from the calcium salts of the air-entraining
agent (AEA) or metal ions contributed from the hydrating cement
paste. The mechanism suggested by Mielenz et al. [2] to describe the
shell formation is that the calcium salts of the AEA are soluble when
the material is mixed in the bulk paste but could precipitate once
concentrated around the air-water interface. To demonstrate this
behavior, common AEAs were mixed with saturated lime-water and a
white and brown insoluble precipitate formed. It was suggested that
this insoluble material comprises the air-void shells. Mielenz et al. [2]
also observed that cement particles were attracted to the surface of
the air-entrained void.

Dodson [5] pointed out that all commercially available AEAs are
anionic in nature. This suggests that the hydrophilic portions of the
surfactant molecules align themselves preferentially around the
perimeter of an air-void and that these molecules are negatively
charged. Dodson also suggested that the calcium ions, with their high
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Table 1
Summary of the RQXRD analysis for the air-void shells and bulk paste.
Time CS % C4AF % CA % CaCOs3 % CS% Ettringite % Gypsum % Sum %
Wood rosin 0 15.7 8.7 2.7 2.6 68.0 0.8 13 99.8
8 176 (0.8) 13.6 (1.2) 5.6 (0.9) 8.0 (0.8) 50.5 (2.4) 2.6 (2.1) 2.0 (14) 100.0
30 20.9 16.4 43 12.7 38.2 5.3 2.2 100.0
45 18.9 (4.0) 14.7 (0.6) 5.8 (1.6) 14.7 (3.0) 41.6 (0.4) 1.3 (0.3) 3.2 (0.1) 100.1
90 20.7 (1.5) 16.5 (0.5) 55(12) 14.1 (0.9) 383 (0.5) 2.2 (2.5) 2.8 (0.4) 100.0
120 22.5 (3.9) 16.5 (1.6) 5.2 (12) 14.6 (2.7) 35.5 (6.5) 41 (33) 1.6 (0.8) 100.0
Synthetic 0 15.7 8.7 2.7 2.6 68.0 0.8 13 99.8
8 18.2 (0.2) 18.8 (2.7) 4.7 (0.4) 219 (5.7) 331 (9.5) 0.9 (0.4) 2.4 (1.0) 100.0
30 16.0 (0.7) 14.6 (1.4) 6.6 (0.4) 20.8 (3.9) 36.1 (5.5) 3.8(0.1) 21(12) 100.0
45 15.4 (0.4) 18.0 (5.8) 5.0 (1.3) 18.6 (6.2) 38.7 (12.8) 1.7 (1.1) 2.7 (2.8) 100.0
60 18.7 (3.9) 15.8 (2.1) 5.0 (1.2) 18.0 (8.0) 38.5(8.1) 3.0 (1.2) 1.1 (0.5) 100.1
Bulk paste 0 15.7 8.7 2.7 2.6 68.0 0.8 13 99.8
10 10.1 71 2.7 4.7 67.7 2.6 5.1 100.0
45 13.0 (3.7) 8.2 (0.9) 2.9 (12) 6.4 (2.5) 60.3 (1.4) 1.6 (0.5) 7.6 (2.4) 100.0
90 13.7 8.7 3.8 6.6 60.0 1.6 5.6 99.9
120 13.6 12.5 42 47 58.4 0.7 6.0 100.0

The values at 0 min of hydration correspond to the unhydrated cement. All values shown are the percentage of crystalline material analyzed. The standard deviation is shown in

parentheses.

charge density, are attracted to the negatively charged, hydrophobic
ions stabilizing the bubble and these react to form an insoluble
calcium salt, which was suggested to be a calcium rosinate. However,
Dodson did not provide any experimental evidence to support this
hypothesis. A study by Pigeon and Plante [6] that utilized SEM with
microprobe analysis on specimens prepared with high dosages of
alkaline salts suggested that there were increased concentrations of
sodium and potassium ions around air-entrained voids. The concen-
tration was much larger than would be expected to be provided from
the AEA and larger than that measured in the bulk cement paste.
However, calcium ion concentration was not investigated in this study
and the methods utilized did not allow observations of the bulk paste.

Several other studies investigated the mechanisms of freeze-thaw
damage and the characteristics of air-void shells [7-9]. These studies
featured samples whose hydration had been stopped by cryogenic
freezing. The samples were then investigated in a low temperature
scanning electron microscope (LTSEM). A technique was also devel-
oped that allowed the air-voids to be separated from the paste and
then frozen and investigated with the LTSEM. Upon freezing, these air-
voids were largely irregular in shape and seemed to be made up of
heterogeneous fine particles that were between 1 and 5 pum. The
researchers hypothesized that the particles surrounding the air-voids
at least partially consist of unhydrated cement particles [9]. Observa-
tions were also made of the morphology and interface between the
air-void shells and the bulk paste [7-9]. The hydration products were
suggested to be very dense over the 1-2 um shell and a 10-15 pm
water-filled space or transition zone seems to exist between the shell
and the bulk paste. This zone in some ways is similar to the zone
observed between bulk paste and aggregate. This gap was reported to
increase in size as the w/cm of the mixtures increased and decreased
in size with increased hydration.

2. Experimental methods

In this study, several physical properties of the shells were inves-
tigated using a novel technique of isolating the bubbles in bleed water
and then examining their response to stress. The behavior of the
bubbles was captured with a digital camera fitted to a stereomicro-
scope at 500x magnification.

Chemical properties of the shell were also evaluated over the first
2 h of hydration and at 60 days of hydration with the use of XRD and
SEM with EDXA. The goal of this study was to investigate the micro-
structure and composition of the air-void shell and how they change
with time with the hopes that this would lead to a better under-
standing of the behavior of the air-void shell and how it can ultimately
be improved.

All of the specimens in this study were produced with a 0.42 w/cm
paste using 1.37 kg of cement meeting the ASTM C 150 [10]
specifications for Type I and II with a 0.53 alkali content (Na,Oeq).
The phases of the cement were determined by Rietveld quantitative x-
ray diffraction (RQXRD) [11,12] analysis and are reported in Table 1 as
the specimens at 0 min of hydration. The mixer and mixing procedure
used in this study met requirements of ASTM C 305 [13]. All other
details of the specimens are given in the respective sections.

2.1. Physical properties

All of the observations of physical properties of the air-void shells
were made by using a novel technique to investigate air-voids in the
bleed water of cement paste contained in a bottle as shown in Fig. 1.
More details can be found in Ley et al. [1]. A short summary of the
experimental technique follows.

After the mixing of the paste was completed, a funnel was used to
transfer the material into a transparent polystyrene bottle. The bottle
was filled to capacity and the cap was tightened and the bottle was
placed horizontally. After sitting for approximately 10 min it was
possible to observe a layer of bleed water forming at the surface of the
paste (Fig. 1). In this bleed water, air-voids could be found that had
worked their way to the surface of the paste due to their buoyancy.
These voids were then observed and documented using a

— Stereo Microscope

Point Light
Soutce \ Detail Shown Below at
= Multiple Time Intervals
O —Bottle of Paste

Pl T 2 e

Void from
Paste N

30/0 minutes 40/10 minutes
Fig. 1. The experimental setup for the physical testing showing the orientation of bottle,
stereoscope, and point light source. The detailed cross-section is at two time intervals.
The time is displayed in minutes after initial hydration/time after the bottle was placed
on its side.
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stereomicroscope fitted with a digital camera. A computer program
was written to capture images of the changes in these voids at
specified intervals of time.

For some of the specimens, the same preparation technique was
used; but an air pump was attached to the bottle of paste with a
pressure regulator and gage. This allowed the fluid pressure inside of
the bottle to be increased or decreased in any manner while the
bubbles were investigated with the stereomicroscope and digital
camera. The air-voids were investigated while they were subjected to
an increase and then decrease in fluid pressure.

With these experimental setups, the following physical properties
of air-entrained bubbles were investigated: adhesion of cement
particles, transparency, the response of bubbles to fluid pressure,
and the ability of the air-void shell to repair after being damaged.

2.2. Chemical properties during the first 2 h of hydration

In order to determine the chemical consistency of the air-void shell,
the air-voids were separated from the paste at different time periods, in
this case from 8 min to 2 h of hydration by injecting a 20 cm® sample of
air-entrained paste into the bottom of a tall column of water utilized by
the Air-Void Analyzer (Germann Instruments) as this provided a useful
method to liberate the bubbles from the paste. A stirring rod at the
bottom agitated the paste and the bubbles rose up the column. The
bubbles were caught at the top of the column with an inverted watch
glass. After collecting bubbles for 3 min, the watch glass was removed.
The majority of the bubbles collected adhered to the watch glass surface.
The excess water was removed from the watch glass with a syringe and
the specimen was placed in a vacuum desiccator overnight. The dried
material was scraped from the watch glass and stored under vacuum
until the crystalline material could be analyzed by RQXRD. Because so
little material was collected during the bubble separation (approxi-
mately 5 mg) it was necessary to use a standard height low-background
quartz-disk specimen holder. The specimen holder was covered with a
thin layer of petroleum jelly to insure the material would adhere to the
holder. The sample was sprinkled onto the jelly and then spread out so a
thin layer of material covered the surface. Care was taken to ensure that a
low profile of powder was used for the sample, such that proper

d — 13.3 minutes

e — 13.5 minutes

specimen height was maintained, thus minimizing sample-displace-
ment error. A sample holder was also analyzed that was only covered in
petroleum jelly and was found to give only slight background noise at
low angles of investigation. This was determined to not impact the
accuracy of the quantitative analysis.

This technique was utilized to analyze air-voids from pastes
containing wood rosin and synthetic AEA dosed at 48 mL/100 kg of
cement at various time intervals, up to 2 h of hydration. A non air-
entrained paste was also investigated after 30 min of hydration. The
same cement was used for this testing as was used for examination of
the physical properties of the air-voids.

The properties of the bulk cement paste were determined on
samples of hydrated cement paste obtained from a paste containing
48 mL/100 kg of cement of a wood rosin AEA which was allowed to
hydrate in the mixing bowl and was stirred by hand prior to a sample
being extracted at time intervals of hydration from 8 min to 2 h. No
petroleum jelly was used for this analysis as the paste was placed
directly on the low-background sample holder at the reported time of
hydration and then placed in a drying vacuum. It is unclear how long it
took the water to be removed from the sample. While visual obser-
vations of the color change of the sample indicate that drying was
complete within 5 min under vacuum, drying was allowed to continue
overnight. A low-background sample holder was used so that the
sample preparation between the two methods was kept as similar as
possible. After the specimens were dried, the height of the sample was
reduced to the clearance of the zero background sample holder in order
to minimize the sample displacement.

Cement samples were also analyzed by preparing approximately
2 g of cement in a standard powder-mount sample holder. The RQXRD
analysis was performed with a Siemens D500 x-ray diffractometer
equipped with a DACO_MP digital controller and analog-to-digital
signal converter. All samples were analyzed from 20° to 80° 26, with a
step size of 0.02° and dwell time of 4 s/step. The atypically lengthy
step provided a sufficient x-ray signal-to-noise ratio for rigorous
quantitative analysis. A traditional 2200 W copper (Cu) x-ray tube was
used. The diffractometer was configured with a 1° divergent slit, a 4°
soller slit, and a 1° antiscatter slit on the incident-beam side. A 1°
antiscatter slit, a 4° soller slit, a single-crystal monochromator, a

¢ — 12.5 minutes

f — 14.8 minutes

Fig. 2. An air-entrained void is shown emerging from a cement paste surface due to buoyancy with cement grains attached. The paste was made with 48 mL/100 kg of cm of a wood

rosin AEA. Please see online supplementary data for more information.
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Fig. 3. a. Air-entrained void (48 mL/100 kg of cm wood rosin AEA) after 45 min of
hydration. b. Non air-entrained voids after 45 min of hydration.

0.15 mm receiving slit, and a 0.6 mm detector slit were used on the
divergent-beam side. Each pattern was analyzed using the whole-
pattern fitting method developed by Rietveld [11] and demonstrated
for use in cementitious materials by Stutzman [12] using the TOPAS-
Academic software package.

2.3. Chemical properties after 60 days of hydration

Air-entrained paste made with wood rosin AEA at 48 mL/100 kg of
cement was allowed to hydrate inside of a bottle shown in Fig. 1 in a
100% RH environment for 60 days. The sample was fractured and a
small flake about 2 mm thick of the now exposed, interior surface was
stored in a vacuum until it was examined with a SEM with EDXA. The
SEM used was a LEO 1530 Field Emission SEM equipped with an IXRF
solid-state energy dispersive spectrometer. The operating voltage was
15 kV, working distance =11 mm, x-ray count rate =400 cps, and
EDXA dwell time = 60 s. The sample was sputter-coated with a 20 nm
thick layer of silver to provide conductive continuity.

3. Results and discussion
3.1. Physical properties

3.1.1. Adhesion of cement particles

In Fig. 2, a paste made with wood rosin AEA at a dosage of 48 mL/
100 kg of cement is shown after 10 min of hydration. When the void
leaves the cement paste and rises to the surface, one can clearly see a
significant portion of cement paste is adhering to the air-entrained
void and is also carried up to the surface of the bottle. This implies that
the attraction between the cement particles and the air-entrained
bubble is significant. This observation is not an anomaly and the
adhesion of cement to air-entrained bubbles is regularly observable in
bubbles that initially emerge from the paste. Observations of these
bubbles and bubbles that emerge from the paste after about 10 min
suggest that the cement paste does not stay permanently affixed to
the bubble surface. This observation confirms previous work by
Mielenz et al. [2] and hypothesized by Corr et al. [9].

3.1.2. Transparency

Air-voids from a paste with wood rosin AEA used at a dosage of
48 mL/100 kg of cement are shown in Fig. 3a. The air-voids shown in
Fig. 3b are from a paste with no AEA. Both pictures were taken

a—0bar

d—-0.7 bar

e — 0.3 bar

f—0 bar

Fig. 4. The response of a mixture containing 26 mL/100 kg cm of Vinsol resin and 81 mL/100 kg of normal range water reducer subjected to a pressure 0.7 bar above atmospheric and

then returned back to atmospheric pressure.
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approximately 45 min after mixing. There is a significant difference in
the transparency of the void wall in air-entrained and non air-
entrained pastes, the former are translucent while the latter are
transparent. In past literature bubbles in concrete have arbitrarily been
categorized as either entrained (<1 mm) or entrapped (>1 mm) air
due to their size. This definition does not seem to be useful in
describing the observations in this paper. The observed difference in
transparency is likely attributable to the shell material that has been
shown to exist around voids in air-entrained paste and is missing from
voids in a non air-entrained paste [1]. These shells seem to be present
at AEA dosages typically used in concrete. The translucent air-void
shells were regularly observed for the following AEAs: wood rosin,
Vinsol resin, tall oil, and synthetics. The appearance of the shells is
different for each of the AEAs. Little difference in appearance was
observed for different dosages of AEA, but more work is needed in this
area.

3.1.3. Bubble response to fluid pressure

3.1.3.1. Vinsol resin AEA.  An air-void in the bleed water of an air-
entrained paste with 26 mL/100 kg of Vinsol resin AEA and 81 mL/
100 kg of a polymer-based normal range water reducer is shown at
atmospheric pressure in Fig. 4a after 45 min of hydration. For this test,
the fluid surrounding the air-void system was increased to 0.7 bar above
atmospheric pressure in 10 equally spaced steps and then decreased
back to atmospheric pressure in three equal steps. A selected number of
images are shown in Fig. 4 with Fig. 4a-d showing the results of
increasing pressure and Fig. 4e and F showing voids while the pressure is
decreasing.

In Fig. 4d, one can see that the air-void has decreased in diameter
by almost 20% at a pressure of 0.7 bar and yet the bubble does not
appear to be damaged. As the pressure began to be released, it can be
seen in Fig. 4e that the shell of the large air-void cracked as the volume
of air increased inside the void. These cracks widen in Fig. 4f as the
fluid was brought back to atmospheric pressure. This is significant as it
has been previously shown by Ley et al. [1] that after the air-void shell
has been damaged, it is possible for an interchange of air to occur from

the surrounding fluid as seen by Mielenz et al. [2], then a change in the
air-void distribution and volume can occur. It appears that some
amount of air was lost to the surrounding fluid during the increase in
fluid pressure as the final diameter is 6% lower than the initial
diameter. It is likely that this volume of air has dissolved into the fluid
surrounding the bubble. Similar behavior was found for voids of a
similar size stabilized by wood rosin AEAs. This behavior has been
witnessed regularly for voids that are larger than 200 pm. However, it
is difficult to say whether the same shell damage occurs in voids that
are smaller as they are difficult to observe at the magnification used.
More than 150 different bubbles have been observed stabilized by
wood rosin and Vinsol resin AEAs in this test setup.

3.1.3.2. Synthetic AEA. A void in the bleed water of air-entrained
paste with 47 mL/100 kg dosage of a synthetic AEA and 85 mL/100 kg
of normal range water reducer is shown in Fig. 5a after 45 min of
hydration. The surrounding fluid pressure was increased to 0.7 bar in 5
equal pressure steps and then decreased back to atmospheric pressure
in three equal pressure steps.

At a pressure of 0.3 bar, the shell of the air-entrained void began to
distort as shown in Fig. 5b. As the fluid pressure increased, so did the
distortion of the void. It can be seen in Fig. 5c that the bubble was no
longer spherical and had a significant crease at the center. Whenever
the air pressure was reduced back to atmospheric the shell returned to
a size within 5% of the original diameter. Also, during this increase and
decrease in pressure, the shell of the void was never observed to be
damaged. This test was performed over 25 times and the behavior was
similar for voids larger than 40 pm. Voids smaller than this did not
appear to show the same buckling of the shell; but it was found to be
difficult to observe small voids at this magnification.

3.1.3.3. Differences in AEAs. It is clear that there is a significant
difference in behavior between the synthetic and the Vinsol resin and
wood rosin AEAs. The air-void stabilized with the synthetic AEA
seemed to buckle as the surrounding fluid pressure was increased.
This seems to imply that the air-void shell has some stiffness in
compression and a substantial amount of viscoplasticity in tension as

d—- 0.2 bar

b - 0.3 bar

e- 0.1 bar

f—0bar

Fig. 5. The response of an air-entrained void in a mixture (47 mL/100 kg of cm of synthetic AEA and 81 mL/100 kg of normal range water reducer) subjected to a pressure 0.7 bar

above atmospheric and then returned back to atmospheric pressure.
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a—0.8 hours

b —-1.2 hours

¢ — 3.6 hours

d — 3.9 hours

e — 4.8 hours

f— 6.4 hours

Fig. 6. A void in bleed water above a cement paste (48 mL/100 kg of cm of a wood rosin AEA) was subjected to a pressure 0.7 bar above atmospheric and then returned back to

atmospheric pressure.

the void did not crack when the fluid returned to atmospheric
pressure. On the other hand, the air-void stabilized with the Vinsol
resin and appeared to resist the compressive strains without damage
and yet seemed to be very weak in tension. This difference in behavior
is possibly attributable to the difference in the molecular structure of
the AEA or the resulting air-void shell, and thus the surrounding
hydration products. A similar response to pressure as that witnessed
with the synthetic surfactant has been observed in other research on
surfactants and their response to pressure [14].

3.14. Self repairing

In Fig. 6 an air-void above a paste containing 48 mL/100 kg of wood
rosin AEA that has been pressurized to 0.7 bar and then depressurized
to atmospheric pressure is shown over a 5.7 hour time period. As
stated previously, the shell of air-voids in wood rosin systems crack
while being depressurized. Fig. 6a shows a void with a cracked shell
immediately after the return to atmospheric pressure. Over the next
0.4 h the shell continues to crack and expose more of the underlying
bubble, Fig. 6b. This occurred while the bottle sat undisturbed. At 3.6 h
after hydration began, the shell around the air-void begins to reform,
Fig. 6¢. Pictures are shown of the shell reforming over the next 2.8 h. In
Fig. 6f an image is shown after 6.4 h of hydration and it appears that
the shell has repaired itself completely and no cracks are present.

If an air-void shell were able to self heal, then this behavior could
provide a method for the air-void to recover from damage to the
surrounding shell as previously shown with changes in pressure. One
reason why the shell in Fig. 6 may have taken such a long period of
time to repair itself was the large amount of damage that was done to
it. If this damage had been less severe, then the repair might have
taken less time. These observations may also help provide insight into
the mechanisms of the initial air-void shell formation as they show
nucleation and growth of the shell only at the interface between the
bubble and the shell. Three other observations of self healing have
been made but none as dramatic as the one shown in Fig. 6. On the
majority of the tests completed it was difficult to observe the shells
being repaired as the cracks in the bubbles are small and the repairs
seem to take less time.

3.2. Chemical properties

3.2.1. Chemical properties during the first 2 h of hydration

Table 1 contains a summary of the crystalline material analyzed in
the air-void shells in pastes containing wood rosin and synthetic AEAs
over time. Table 1 also contains results from analysis of the crystalline
materials in the bulk paste. The data for the unhydrated cement
indicate the composition of the starting material. Repeat specimens
were run for the majority of the data points and the values presented
inTable 1 are averages with standard deviations in parentheses. While
some variability was found, it was determined to not be significant for
phases that were present in quantity greater than 10% of the overall
crystalline material of the sample.

All of the specimens analyzed contained the same crystalline
phases; however, the amount of each phase present in the sample
varied with sample type and time. The results indicate that there is
very little change in the crystalline phases present in the bulk cement
paste over the first 2 h of hydration. This is not surprising since the
onset of significant C3S hydration is not expected in this time period at
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Fig. 7. Change in C3S and CaCOs content with time is shown for the bulk cement paste
and the air-void shells created with wood rosin and synthetic AEAs.
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room temperature in the absence of accelerators. The changes in
quantities of the other phases are within error and can be considered
negligible.

For the specimens taken from the air-void shell material it was
found that there was a significant change in the amounts of anhydrous
material and CaCO5; with time in the samples. The C3S and CaCO3
contents are shown graphically in Fig. 7. In each of the types of air-void
shells it appears that there is less C3S than in the bulk cement paste. In
the wood rosin AEA shells, the C3S content appears to decrease bet-
ween 8 and 30 min, and then remains constant. In the synthetic AEA
shell, the amount of C3S decreases from the initial amount found in
the cement and then is constant with time.

Correspondingly, the percentage of other crystalline phases present
are observed to increase with time. This is expected if an accelerated
dissolution of C3S is occurring. Another interesting observation is that
the amount of CaCOs is higher in the air-void shells than in the original
cement and increases with time up to 30 min. After 30 min the amounts
of CaCO5 remain constant. The increase in CaCO3; seems to occur at an
increased rate when the specimen is made with the synthetic AEA
compared to wood rosin AEA, but they reach the same constant level
with time.

Signal A= InLens  Date :7 Mar 2007
Photo No.=3103  Time :17:31

EHT = 10.00 kV
WD= 12mm

EHT = 10.00 kV
WD= 6mm

Signal A= InLens  Date :7 Mar 2007
Photo No. = 3087 Time :16:04

Fig. 8. SEM image of an air-entrained void from a mixture containing a wood rosin AEA
at 48 mL/100 kg of cement that was allowed to hydrate for 60 days before examination.
An overview of the void is shown in Fig. 8a. Fig. 8b shows the void surface under
increased magnification.
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Photo No. = 3094 Time :16:53
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Fig. 9. An SEM image of the interface between the air-void in Fig. 8 and the bulk paste. In
Fig. 9b a close up is shown of Fig. 9a.

The initial amount of CaCOs is likely filler added to the cement;
however, the changes in anhydrous phases and the presence of so
much CaCOs in the collected samples are unexpected. More discussion
on these observations appears later in the paper. However, whatever
the mechanism is for the increase in CaCOs is it is likely tied to the
reduction in the C3S as they are occur simultaneously and
proportionately.

3.2.2. Chemical properties at 60 days of hydration

An air-entrained void approximately 550 pm in diameter was found
on a fractured hardened cement paste surface previously discussed and
investigated with a SEM with EDXA. A top view of the air-void is shown
in Fig. 8a and magnified picture of the air-void wall is shown in Fig. 8b.
The interface between the air-void shell and the bulk paste is shown
in Fig. 9a and at increased magnification in Fig. 9b. From Fig. 9 it appears
there is a 1 um thick shell of hydration product is surrounding the air-
void. Just adjacent to the shell there appears to be a discontinuity
between the phases in the shell and the bulk paste of the sample, similar
to the observations mentioned previously [7-9]. The shell seems to be
made of a very dense hydration product. Furthermore, it seems small
crystals are growing on the surface of the void. Visual and EDXA
completed at high magnification suggest that these crystals are
ettringite.
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At the high magnification shown in Fig. 8b one is able to closely
examine the very dense microstructure of the air-void shell. To
investigate the chemical composition of the shell, an area of
approximately 185 pm x 135 um of the air-void shell was investigated
with EDXA. Since this analysis is taken over a large area it should be
representative of the chemical makeup of the void surface and some
underlying material due to the size of the interaction volume. It was
determined that the majority of the sample was made primarily of
calcium and silicon. Trace amounts of aluminum and sulfur were also
found. The ratio of calcium-to-silicon of the air-void shell was equal to
1.1. This is lower than what is expected for a typical C-S-H found in
bulk cement paste. When the EDXA was used to investigate C-S-H
found in the bulk paste of this sample, the calcium-to-silicon ratio was
found to be 1.5. The ratio for the C-S-H of the bulk paste agrees with
numbers given by Pigeon and Plante [6] and Diamond [15] for the
method used.

EDXA seems to indicate that the air-void shells consist of C-S-H
with small amounts of ettringite needles on the surface of the void.
The air-void hydration shell shown in Fig. 9 seems to be denser than
the C-S-H found in the bulk paste. This can be seen in Fig. 9 if one
looks at the large number of voids in the hydration product formed
adjacent to the shell in comparison to the shell itself. The shell
thickness and presence of a “transition zone” supports results from
Corr et al. [9].

4. Discussion of mechanisms

RQXRD showed that the early composition of the air void shell is
very similar to the bulk cement paste but with a lower C3S content,
higher amounts of other anhydrous phases, and higher CaCO3 content.
These differences are unexpected and merit further discussion. The
ability to understand the chemistry of these air void shells is critical in
order to improve the performance of air entraining agents and
understand the observed behavior.

The charge imparted by the anionic AEA on the outside of the air-
entrained void may be significant in explaining the composition of the
air void shell. This anionic charge likely contributes to the adhesion of
cement particles to the air void. The surfaces of cement particles are
charged, causing an attraction between the particles and the outside
of the bubble. This attraction results in cement particles adhering to
the bubble as shown in Fig. 2 and as suggested by others [2,9]. This
also results in the high quantities of anhydrous cement phases
measured in the bubble shell at early ages through RQXRD.

If the early hydration shell were made up completely of adhered
cement particles, then the shell composition would be identical to the
unhydrated cement and, correspondingly, the bulk paste since it does
not differ significantly from the unhydrated cement at the times
examined. However, the amount of C3S in the shells is much lower
than the amount of C5S in the anhydrous cement and bulk paste. If all
anhydrous phases were present in lower amounts in the shell, then
one could assume that the ratio of cement-to-reaction products in the
shell is lower than in the paste. However, the relative proportions of
the other anhydrous phases are higher in the shell than in the original
cement. One possible explanation for this difference is that the C3S
dissolves more rapidly in the cement particles attached to the air void.
This explanation is consistent with the decrease in CsS and increase in
all other analyzed phases. Since all analyzed phases by RQXRD must
add up to 100%, a decrease in one phase must be matched by increases
in all of the others.

The anionic surface charge may also play a significant role in the
mechanism of this rapid decrease in CsS. The dissolution of C5S into
solution initially occurs rapidly in water. This dissolution has been
suggested to subside when the surface of the C3S changes, beginning
the induction period [16]. While different theories exist about the
mechanism of the reduction in the rate of early C3S dissolution, one by
Barret and Menetrier [17] suggests that the dissolution of the C3S

surface results in a net positive charge on the particle. In the bulk
cement paste this surface charge is thought to be balanced by
hydroxyl ions which block further dissolution until a critical
concentration of calcium and silicon is reached. If this were the
case, then the negative charge of the air-void surface may
neutralize this surface charge and allow C3S dissolution to continue
in this region without an induction period. This would explain the
observed rapid decrease in C3S content in the air void shell. As the
C3S dissolves, an early C-S-H may be nucleating on the air void,
giving the shell the physical characteristics observed. With time,
the surface charge on the air-void shell is likely reduced from this
C-S-H formation, decreasing the ability to control the surface
charge of the C3S and the induction period begins. This would
explain the reduced rate of dissolution and the beginning of the
induction period for the CsS.

As explained previously it appears the C3S is dissolving or leaving
the surface of the air-void as all other phases in the analysis are
shown to increase. However, the CaCOs in the analysis showed a
much more significant increase compared to the other phases and
this increase appears to be proportional to the decrease in CsS. The
cause of this increase is unclear, but they appear related. One
possibility is that calcium ions released from the dissolving CsS may
concentrate at the charged air-void shell surface, since it is negatively
charged, as discussed earlier. These free calcium ions may react with
carbon dioxide that is dissolved in the mixing water, water column
used to separate the air-voids from the paste, or from the air
contained in the air-void to form the CaCOs. This formation of CaCO3
is likely an artifact of the test setup utilized as it was not observed in
the 60 day sample in the SEM investigation. For this mechanism to be
satisfactory then the C3S in cement would need to contribute calcium
ions to the formation of CaCOs; and to the formation of other
hydration products. This may be possible as the EDXA on the 60 day
old air-void shell suggests that the C-S-H formed on the air-void
shell has a low calcium content which could allow the remaining
calcium ions to contribute to the formation of the CaCOs. It should
also be noted that there was no portlandite (CH) in the air-void shell
or in the paste during the 2 hour fresh testing period. This is not
surprising, since the induction period had not ended and CH
generally does not precipitate during this period. Therefore, CH
formation is not competing with CaCOs for calcium ions which would
permit it to form.

It was observed in this study that the use of a synthetic AEA resulted
in a much more rapid decrease in C3S content than with the wood rosin
AEA and displayed different physical properties. This difference in
performance is likely attributable to differences in the chemical nature
of the surfactants used in the different AEA products. This could be from
differences in surface chemistries that promote the hydration or
dissolution of C3S. However, without detailed knowledge of the nature
and concentration of the compounds utilized in these products it is
difficult to make comments on their difference in performance. The
ability to understand how differences in these surfactants change the
performance of the air-void shell is crucial to improving the perfor-
mance of existing products.

It should be noted that the explanations offered for the changing
composition of the air void shells are speculative and it is possible that
the chemistry of the shells is controlled by mechanisms other than
those suggested here. This is an area that certainly merits further
research.

5. Conclusions

This paper presents the results of an investigation into the
physical and chemical properties of air-void shells. The results are not
meant to be conclusive; a large amount of information remains
unknown. However, several new insights have resulted from this
work.
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- It has been shown that there is a strong adhesion between cement
particles and an air-voids surface beginning at the first minutes of
hydration.

- It appears that there is a large difference in transparency between
the wall of air-entrained and non air-entrained voids.

- There is a significant difference in behavior between the resulting
shells with different AEA admixtures when the fluid pressure
surrounding voids is increased and then decreased again to
atmospheric pressure. Voids made with synthetic AEA sustain no
permanent damage, while voids made with Vinsol resin and wood
rosin crack on depressurization.

- The cracks in a wood rosin void shell were observed to self-heal.

- The amount of C5S present in the air-void shell is lower than in the
original unhydrated cement and the bulk paste after 8 min of
hydration. This effect may be due to delays in the induction period
for the C5S particles at the air-void surface.

- The increase in CaCOs in the air-void shell in the first 2 h of testing
may be an artifact of the sample preparation technique as it was
not observed in the SEM analysis of the 60 day old air-void shell.

- The rate of C3S decrease and CaCOs increase is more rapid for
synthetic AEA than for wood rosin AEA. It is likely that this
difference in hydration rate is related to the difference in behavior
of the air-void shells of the different AEAs.

- SEM observations and EDXA of the air-voids in the 60-day-old
cement paste showed that the surface of the air-void seems to be
predominately made up of a C-S-H phase that is of a different
morphology than that found in the C-S-H of the bulk paste.

While this paper showed several unique physical characteristics of
air-entrained void shells, more work is needed to better characterize
the chemical makeup of this material. The majority of the work done
in this paper to chemically characterize the air-void shells focused on
the crystalline material found in the shell. While the findings are
helpful, no data are presented regarding the amorphous materials
involved as no analytical techniques are currently readily available to
the authors to analyze early amorphous hydration products in these
shells. Characterization of the amorphous material is needed before
any final conclusions can be drawn. If one were able to fully and
accurately characterize the shell material then it may be possible to
explain why the AEA voids have their respective physical properties
that change with time, pressure, and AEA composition. It may also be
possible to engineer new surfactants that could improve the
performance of air-entrained concrete.
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