Cement and Concrete Research 40 (2010) 1673-1680

journal homepage: http://ees.elsevier.com/CEMCON/default.asp

Contents lists available at ScienceDirect

Cement and Concrete Research

Cement and
Concrete
Research

The effect of drying on early-age morphology of C-S-H as observed in

environmental SEM

P.C. Fonseca **, H.M. Jennings *"

2 Northwestern University, Department of Civil and Environmental Engineering, Evanston IL 60208, United States
b Northwestern University, Department of Materials Science and Engineering, Evanston IL 60208, United States

ARTICLE INFO ABSTRACT

Article history:
Received 5 November 2008
Accepted 5 August 2010

Keywords:

A. morphology

A. mechanism

A. drying

A. humidity

B. calcium-silicate-hydrate (C-S-H)

B. microstructure

B. scanning electron microscopy (SEM)

The morphology of early-age C-S-H, often referred to as outer product or low-density C-S-H, is generally
accepted to be fibrillar and forms mainly during the early stages of hydration. This paper reports the effect of
drying on the microstructure in young tricalcium silicate paste, which provides insight into the mechanism
that leads to the fibrillar morphology. During the first few days after C5S is mixed with water, the
morphology of C-S-H is more affected by drying rate than by relative humidity. This sensitivity is most
apparent at partial pressures greater than 85%. During this time, the fibrillar C-S-H product can be
suppressed by drying C3S paste samples very slowly prior to imaging. This approach is interpreted as
evidence that this fibrillar morphology, which naturally form over time, grow as tiny colloidal particles that
rearrange during the early stages of hydration, leading to well-established larger scale morphologies.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction and Background

The observed structure of calcium-silicate-hydrate (C-S-H)
depends on scale. At the atomic scale, C-S-H is described as a
disordered layered calcium silicate analogous to imperfect tobermor-
ite, perhaps mixed with jennite [1]. At the nanoscale (1-100 nm),
evidence suggests that C-S-H behaves like a colloidal precipitate with
mechanical properties similar to a gel [2] [3]. The pores at this level
are a mix of gel pores (typically classified as under 10 nm) and larger
capillary pores.

The first physical characterization of C-S-H at several scales
originated with Powers and Brownyard in the 1940s. They suggested
the existence of inside and outside products to denote hydration
products that lie inside and outside the clinker particles, respectively
[4] [5]. The widely used terms inner product (IP) and outer product
(OP), however, were coined by Taplin [6], who independently
investigated hydration reactions in Portland cement. Although the
transition between the IP and OP may not align with the original
clinker boundary, this terminology has continued to be used by many
researchers of cement microstructure.

The development of electron microscopy in the 1950s produced a
vast array of observations of the morphology of C-S-H. By the early
1970s, Diamond used scanning electron microscopy (SEM) to describe
four C-S-H morphologies observed in Portland cement paste [7].
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These four types consist of three types of OP and one IP. Type I was
described as fibrous particles that "seem to be partly-rolled sheets"
ranging from 0.5 to 2 um in length. The fibers appeared to be more
abundant in younger pastes. Type Il was a "reticular network" or
"interlocking structure" seen in Portland cement pastes but not in C3S
or [3-C,S pastes. Type Il was described as "relatively nondescript" or
consisting of an "equant grain morphology", approximately 300 nm in
diameter. Finally, the C-S-H that constituted IP found in older pastes
was classified as Type IV.

Jennings et al. correlated these morphological features to its
formation during specific hydration stages and further postulated that
spatial restrictions also influence the resulting morphology [8]. More
recently, Jennings and Tennis have introduced a model of colloidal
particles that pack into two separate arrangements: 1) high-density
(HD) product and 2) low-density (LD) product [9] [10]. Based on the
Brunauer-Emmett-Teller (BET) surface area and small-angle neutron
scattering (SANS) measurements, Jennings showed that the LD
product forms during the main exotherm during the first or second
day of hydration.

Since Diamond's C-S-H classification system, the literature has
been replete with terminology for describing the physical character-
istics of C-S-H, but the recent trend has been to move back to
distinguishing two main forms [11]. Richardson and Groves, who used
an impressive array of high-resolution transmission electron micros-
copy (TEM) images [12], prefer the IP and “OP " nomenclature [13];
Diamond and Bonen refer to phenograins and groundmass; and
Jennings prefers the quantitative HD/LD terminology. Although these
researchers agree that C-S-H is composed of two types of hydration
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products, the nomenclature does not necessarily correlate with one
another.

One familiar problem with electron microscopy is that specimen
preparation is often harsh or damaging. It has been suggested that
permanent changes occur due to drying or heating [14] [15].
Irreversible shrinkage occurs both at the macroscale (irreversible
drying shrinkage) and at the micron scale [16]. Furthermore,
experimental evidence indicates that drying changes the arrangement
of nanoparticles in cement [17]. For example, Thomas et al. used SANS
to analyze nanoscale effects of drying on saturated, dried, and
resaturated Portland cement paste [18]. They showed that the total
surface area decreased during first drying, which indicated a
compaction of the C-S-H gel structure. Furthermore, specimens
resaturated from 80% relative humidity (RH) recovered their surface
area, whereas specimens dried below 80% RH did not. The latter case
implies permanent restructuring of the cement nanostructure even
when only slightly dried.

Gas sorption experiments suggest that, in addition to relative
humidity, drying rate also causes microstructural changes to cement
paste. To determine the surface area of C-S-H, Hunt took BET nitrogen
sorption measurements of cement paste [19]. Isotherms from speci-
mens dried prior to crushing were compared to isotherms of samples
dried after crushing. The results showed that the measured surface
areas were higher for the samples dried after crushing. Although not
explicitly stated by Hunt, it has been concluded by researchers that,
because crushed samples dry more rapidly than uncrushed samples,
higher surface areas must have been a result of more rapid drying [20]
[21]. This change in surface area suggests a change in the
microstructure.

In a review of the structure of gels, Scherer asserts that, although
C-S-H is a precipitate rather than a true gel, it exhibits gel-like
characteristics at colloidal dimensions [2]. He noted that damage
during drying is caused not by the magnitude of capillary pressure but
by the gradient of the pressure, which causes differential shrinkage
[22]. This gradient is dependent on the permeability of the material
and the rate of evaporation. It follows that higher drying rates may
cause more microstructural changes to C-S-H compared to lower
drying rates. These changes are also likely to occur at high humidity
levels [23].

At the microscopic level, much research has been directed to the
problem of whether the aforementioned morphologies are artifacts.
Since the 1970s, several experiments designed to eliminate sample
desiccation during imaging have been performed. The earliest
published work that characterizes wet C-S-H was reported by
Double, who used a high-voltage environmental cell in a TEM [24]
[25]. By sandwiching unhydrated cement particles between two thin
plates and feeding water from a tiny inlet pipe, the development of
hydration products could be observed in situ, which was interpreted
in terms of reaction mechanisms that control the rate of hydration.
After 1 day of hydration, significant fibrillar development similar to
Diamond's Type I product was observed around the cement grain. The
results imply that the fibers are part of the natural wet state of the OP.
However, the samples were made of Portland cement, which
produces fibrous ettringite. Furthermore, the samples contained
high water content (w/c) and therefore were not representative of
the w/c in typical concrete structures. Nitrogen BET measurements
show that the surface area of C-S-H increases with w/c [19],
indicating that the morphology of C-S-H is not fixed but, instead,
adapts to its surroundings. It is therefore possible that fibrous C-S-H
tends to form when more space is available.

Shortly after Double performed his high-voltage TEM (HVTEM)
experiments, Jennings and Pratt used HVTEM with a gas-reaction cell
(100% RH) to observe the C-S-H hydration product in hardened
cement paste with realistic w/c [26]. In a 4-day-old cement paste that
was wet cured at 50 -C with 0.5 w/c, they captured micrographs of
C-S-H that show a sheetlike appearance in the wet state. As the

sample dried (approximately 30 minutes), the sheets took on a
needlelike appearance similar to the needles in Double's HVTEM
observations. Further work [8] showed that much of the C-S-H
product in the wet state appeared to be nondescript. Noting that the
sheetlike appearance only occurred with very wet specimens,
Jennings and Pratt postulated that the needles were likely an artifact
of drying. This initial sheetlike appearance is one of the few direct
observations of changes to C-S-H during drying.

Silva and Monteiro [27] [28] used soft X-ray transmission to
observe fibrous hydration product as early as 22 minutes after mixing
C3S paste. Similar to the aforementioned Double's experiments, both
these techniques require diluted samples unrepresentative of the
conditions in concrete structures.

Cryomicroscopy is another method for observing the hydration of
cement without the effects of drying. Zingg et al. [29] use cryomicro-
scopy to observe early hydration products of cement paste. At 6-
minute hydration, tiny fibrous hydration products around larger
ettringite crystals were observed on pastes that were well dispersed
with superplasticizers. The formation of ice crystals was suppressed
by lowering the temperature very quickly (100 —500°C per second) at
very high pressures (over 2000 bar). However, C-S-H is known to be
sensitive to its surrounding environment, and the high dose of
superplasticizers could have affected the C-S-H morphology.

One of the clearest sets of high-resolution cement paste micro-
graphs was presented by Méser and Stark [30], who imaged fracture
surfaces of hardened CsS, -G5S, and Portland cement paste with
realistic w/c using an environmental SEM (ESEM). They observed a
needlelike product that lengthened with hydration time. To avoid
desiccation, Moser and Stark broke the samples in the ESEM chamber
using a micromanipulator. One shortcoming of their method is the
assumption that all humidity levels higher than 80% moist are enough
to prevent drying damage. As we will show, significant physical
changes in C-S-H can be seen at 90% RH, and few changes are
observed lower than 85% RH. Furthermore, we observe that the rate of
drying, in particular between 100% and 85% RH, significantly affects
the C-S-H morphology. If Mdser and Stark subjected samples to
partial pressures lower than 90%, drying may have altered the C-S-H
microstructure.

The mechanisms that govern the formation of the different
micron-scale morphologies are still largely mysterious. One of the
most quoted possibilities is that the mechanisms are analogous to the
reverse silicate garden, where needles grow as a membrane ruptures
and that fluid containing high concentrations of ions enters the larger
capillary space, resulting in the formation of hollow needles [31]. The
problem is that confirmed hollow needles of C-S-H have not been
observed. At the nanoscale, the LD structure has been associated with
the agglomeration of 5-nm particles [32], but little is said about how
this condition relates to the structure at the micron scale.

The thesis of this paper is that the different morpohologies, in
particular the needles, are the result of dispersed or partially
dispersed nanometric particles that precipitate and rearrange during
the early days of reaction. The natural formation process can be
interrupted by drying during the first few days, which provides
evidence for this mechanism. The following experiments are the first
to use an ESEM to observe the effect of drying rate on the morphology
of C-S-H, with particular attention to high (greater than 80%) relative
humidity. By comparing micrographs of hydrated CsS pastes sub-
jected to decreasing rates of drying, the open question of the
mechanism of morphology development during the early reaction is
revisited.

2. Experimental Method
For this experiment, fracture surfaces of C3S paste samples at 3-

and 21-day curing times were imaged. The surface area of the C3S
particles was 0.47 m?/g (measured using SANS). Fracture surfaces
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were chosen, because cutting and polishing would damage the fragile
C-S-H product. Note that fracture occurs along weak zones with
disproportionally higher porosity. Therefore, extra space may have
been available for hydration product to form. However, because the
curing time was constant among the samples for comparison, a direct
comparison of the C-S-H morphology could be made.

The wy/c for all samples was 0.5, each with approximately 1-mm
thickness. The first four samples were wet cured for 3 days at room
temperature prior to drying. This curing time was chosen to be at least
3 days, because younger specimens tended to suffer from beam
damage. The fifth and sixth samples were wet cured for 21 days and
dried at two different rates.

After curing, Samples 1-4 were subjected to progressively slower
drying rates. Sample 1 was oven dried. Sample 2 was rapidly dried in
the ESEM chamber to 33% RH at 5°C. The total drying time was
approximately 2 minutes. Sample 3 was also dried in the ESEM at 5°C
but over a 2-hour time span. Sample 4 was slowly dried in 3-day
stages, for a total of 18 days, by progressively stepping the sample
down in tightly sealed desiccators that contain 94%, 85%, 76%, 54%,
43%, and 33% RH at room temperature. Exposure to CO, was
minimized by flushing each desiccator with nitrogen gas to prevent
the formation of calcium carbonate. Although chemical analysis was
not performed, no evidence of carbonation was observed. The pore
water in the paste was allowed to equilibrate at each partial pressure
before drying it further. Because hydration essentially ceases if the
internal humidity level of cement paste is below 85% [33], the curing
age of Sample 4 is considered to be 3 days. Sample 5 was wet cured for
21 days and then subjected to the same drying conditions as in
Sample 2. Sample 6, also wet cured for 21 days, was incrementally
dried using the same method as in Sample 4, but over a period of 4
days. A summary of the specimens is presented in Table 1.

The microscope used was an FEI Quanta Environmental ESEM with
a Peltier stage to control the temperature at the base of the specimen.
We used an accelerating voltage of 20 kV; higher voltages easily
damaged the microstructure, whereas lower voltages tended to result
in grainy images. The working distance was 7.04+0.1 mm. The RH was
controlled by setting the Peltier stage at a low temperature, such as
5°C, and then specifying fractions of the saturated vapor pressure for
that temperature. For example, if an 85% RH was desired at 5°C, the
pressure was set to 0.85%(6.54 Torr) = 5.56 TorT.

In specimens that were not to be dried prior to imaging (such as
Sample 3), care was taken to ensure that drying did not occur during
the pump-down sequence. A few drops of distilled water were placed
directly on and around the specimens, and the temperature was set a
few minutes prior to pumping down. Purging of excess gasses
consisted of pumping the chamber 8 to 10 times between 7 and
10 Torr at 4.8°C. During pump-down, we could see the bulk water on
the specimen through a camera located in the chamber. If evaporation
occurred, it was assumed that drying had occurred prior to imaging,
and the specimen was discarded. Although early efforts to maintain
saturation during the pump-down sequence failed, with practice, the
results became successful and repeatable.

3. Results
3.1. Comparison of C-S-H morphology with various drying rates

The micrographs in Figs. 1-6 are representative of images taken at
many locations on several hundred specimens. To avoid obscuring the
microstructure, each sample was left uncoated. Some charging
resulted at lower partial pressures, particularly in oven-dried speci-
mens. Imaging at higher partial pressures (greater than 50%) tended
to result in crisp well-defined images.

Fig. 1 is a micrograph of Sample 1, showing the morphology of
C-S-H subjected to oven drying, the highest rate of drying in this
experiment. Fine needles, approximately 16 nm thick and 500 nm
long, are shown radiating outward from the center of individual C3S
particles. Note that, in this and all other samples, the dimensions are
estimates taken with caution and are used to describe trends only.

Sample 2, which was rapidly dried to 33% RH in the ESEM, is shown
in micrographs in Fig. 2. These images resemble Diamond's Type |
product. In Fig. 2(a), a relatively low magnification image of C-S-H
product is shown encasing many individual CsS particles. Higher
magnification in Fig. 2(b) illustrates fibrillar C-S-H in detail. The length
of each fibril is about 2 ym, and the width is about 25 45 nm.

Sample 3 was prepared in exactly the same manner as Sample 2,
except that the partial pressure was slowly reduced from 100% to 33%
over the course of 2 hours. Micrographs of the drying progression are
shown in Fig. 3. The C-S-H product resembles a fibrillar morphology.
These fibrils are thicker and are half as long as the needles in Sample 2.
Based on this comparison, it is still not clear whether the microstruc-
ture in Fig. 3 is representative of the natural state of C-S-H. However,
we can already deduce that the change in drying time altered the
microstructure. In the case of Sample 2, the quicker drying time
resulted in longer and thinner needles.

Sample 4 was dried in stages from 100% RH to 33% RH over the
course of 18 days. The paste was then imaged at both 75% and 33%
partial pressures. Fig. 4 shows micrographs of a markedly different
microstructure. It is amorphous, and rather than producing long thin
needles, a bumpy appearance is shown. These bumps tended to
slightly elongate as the partial pressure was lowered to 33%,
indicating that drying in the ESEM still had a mild effect on the
microstructure. The bumps are significantly shorter and are at least
twice as wide as the fibers in Sample 3, and they are roughly four
times as wide as the fibrils in Sample 2.

Sample 5 was wet cured for 21 days before rapid drying in the
ESEM (the same drying condition as in Sample 2). In Fig. 5, we see that
the morphology of Sample 5 resembles that of Samples 1-3 but is very
unlike Sample 4. These results indicate that the microstructure is less
affected by the time after curing and is more affected by the rate of
drying prior to imaging.

Sample 6 was also wet cured for 21 days but was subsequently
dried from 100% RH to 75% RH in stages for 4 days after curing. As
shown in Fig. 6, there is a mixed result in morphology, with about half
the image presenting a fibrillar morphology, whereas the other half

Table 1
Summary of samples.
Sample Curing Drying Length of Width of Length of Width of
number time method needles at needles at needles at needles at
(in days) 75% RH (nm) 75% RH (nm) 33% RH (nm) 33% RH (nm)
1 3 Oven - - 500 16
2 3 Rapid (2 min) - - 1000 25
3 3 Slow (2 hours) 500 80 700 50
4 3 Incremental (18 days) 100-240 240 100-280 100
5 21 Rapid (2 min) 600 50 1000 40-50
6 21 Incremental (4 days) 50-1000 (variable) 50-100 (variable) - -
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Fig. 1. Sample 1: Micrograph of an oven-dried C5S paste imaged at 33% RH. The C-S-H
product in this image presents a fine needlelike morphology.

Fig. 2. Sample 2: Micrographs of C3S paste hydrated for 3 days before rapidly drying
from 100% RH to 33% RH in the ESEM. (a) Several C3S particles encased in C-S-H at a
relatively low magnification. (b) Higher magnification of a fibrillar structure of C-S-H.
The C-S-H product in this sample presents a fibrillar structure similar to the oven-dried
sample (Sample 1), except that Sample 2 has thicker needles.

presents an amorphous morphology typical of an incrementally dried
younger sample.

The micrographs show a trend that, in early-age C3S paste samples,
a distinct fibrillar structure of C-S-H emerges when the samples were
subjected to higher rates of drying. In contrast, slower drying rates
produce a microstructure that is less distinct, as observed in the ESEM.
Based on these results, it follows that, to some degree, the morphology
of C-S-H may be a consequence of drying rate. Because the internal
volume of large concrete structures does not experience high rates of
drying similar to Samples 1-3 and Sample 5, an early-age C-S-H
product may more closely resemble the amorphous morphology
shown in the incrementally dried specimen in Fig. 4.

3.2. Resolution of features

When drying CsS paste in the ESEM, very few microstructural
changes are shown below 80% RH. We also know that irreversible
shrinkage in cement paste occurs when the samples are subjected to
environments between 50% and 100% RH. This shrinkage must
correspond to at least some of the microstructural changes observed
here.

Consider the smallest features resolved by the ESEM to explain this
phenomenon. At best, one can resolve features that are roughly 10 nm
in size. This pore size is approximately the size of the largest gel pores.
Using Kelvin's equation

p _ 2WV,

p,  IRT (1)

where p/p, is the partial pressure, y=0.0728 N/m is the surface
tension, V= 1.802E-5 m>/mol is the molar volume, R= 8.314 Nm/
Kmol is the universal gas constant, r is the radius of a pore, and T is the
temperature, and substituting T=278.15K (5°C) into (1), we can
calculate that pores greater than 10 nm in diameter are empty at
partial pressures on or below 77%. This condition would explain why
few changes are visible in the microstructure when lowering the
partial pressure below 80%. Furthermore, because it is not currently
possible in the FEI Quanta ESEM to see morphological changes in C-
S-H at resolutions better than 10 nm (at low vacuum), the fine
nanostructure in its natural state cannot be directly seen.

3.3. Older samples and the mechanism of morphology formation

The trend that rapid drying rates produce a fibrillar C-S-H
morphology whereas slower drying rates produce a more amorphous
morphology is not replicated in mature samples. As shown in Fig. 6,
the experiment cannot be reproduced for incrementally dried C3S
paste specimens approximately 21 days into hydration. Instead, these
specimens show a mixed result, with about 50% of the image
presenting a fibrillar morphology, and the rest with an amorphous
morphology typical of an incrementally dried younger sample. At this
point, the fibers shown may have naturally formed. These observa-
tions support a mechanism where colloidal particles condense and
rearrange into different morphologies [34] [35]. Jennings has
proposed a model of C-S-H as an aggregation of precipitated colloidal
particles [36] with a similar mechanism. In this model, during the
early stages of reaction, nanoscale C-S-H particles loosely pack but
rearrange and condense during drying. The mixed morphology of
older incrementally dried CsS paste specimens suggests that, during
hydration, a fibrillar product may naturally form (i.e. without drying),
particularly in the more open regions.

3.4. Irreversible changes to the C-S-H morphology

We hypothesize that an irreversible change occurs during rapid
drying and that these changes are most dramatic at early ages. To
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Fig. 3. Sample 3: Micrographs of C5S paste hydrated for 3 days before drying for 2 hours in the ESEM. Approximate partial pressures are (a) 100% RH, (b) 88% RH, (c) 75% RH, and (d) 33%
RH. Note that much of what is shown in (a) is bulk water. The fibrillar C-S-H product in (c) and (d) has a greater thickness compared to the needles/fibers in Samples 1 and 2.

support this hypothesis, many specimens were rewet after the first
drying by raising the pressure in the ESEM chamber to vapor pressure.
The beam was then switched off to allow the samples to reabsorb
water for 1 hour without incurring further radiation damage. As
expected, we saw mostly bulk water at partial pressures greater than
95%. However, at about 90% RH, we could see the fine fiber
morphology typically seen at around 80% RH during the first drying
cycle. In general, the greatest changes in microstructure were
perceived between 80% and 90% RH during first drying and between
85% and 90% RH during second drying. Although this difference is
small, this trend was observed several times. This observation
suggests that irreversible changes to the morphology of C-S-H
occur during first drying.

In one experiment, a C3S paste sample with 0.5 w/c was prepared
and wet cured in a lime water solution for 3 days. The sample was then
broken in half. One half (Sample 7) was immediately placed back in
lime water, and the second half (Sample 8) was placed in a 76% RH
desiccator (purged with nitrogen gas). After approximately 16 hours,
the second half was resaturated in the lime water before imaging in the
ESEM. Fig. 7 is a comparison of Samples 7 and 8 at approximately 85%-
90% RH. As with samples that were rewet in the ESEM chamber, we can
easily see the fibers in Sample 8. Sample 7 eventually formed fibers
similar to those in Fig. 7(b) at 80% RH (not shown). The evidence
suggests that the formation of a fibrillar morphology is irreversible.

Typically, we cannot observe the interior hydration product on a
specimen's fracture surface. However, there is evidence to suggest that
drying at high relative humidity does not affect the interior C-S-H
product as much as it does the exterior product. In one study,
Neubauer et al. used ESEM and drying shrinkage models to show that
the outer/LD C-S-H product shrinks upon drying to 80% RH whereas
the inner/HD product does not [17]. Therefore, it is possible that the
inner/HD product does not also change in morphology at partial
pressures higher than 80% RH, regardless of the drying rate. However,
because the interior product is not directly observed on a fracture
surface, we do not draw direct conclusions on its change in
morphology due to drying rate in this paper.

3.5. Changes in surface area

Historically, BET measurements are made using either nitrogen or
water vapor as the sorptive gas. The resulting surface area, which
differs between the two gases, was the subject of vigorous debate in
the 1960s and 1970s. The surface area obtained using water vapor is
typically consistent at 200 m?/g [5], whereas the same measurement
using nitrogen is usually much lower and more variable. The
discrepancy between nitrogen and water vapor BET measurements
could be explained by the inaccessibility of nitrogen to the inner/HD
product due to its larger molecular size [10] [9].
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Fig. 4. Sample 4: Micrographs of C5S paste that was hydrated for 3 days and then incrementally dried for 18 days in desiccators flushed with nitrogen gas to limit CO, exposure. The
partial pressure is 75% in (a)-(c) and 33% in (d). Here, the C-S-H morphology demonstrates a mixed bumpy and amorphous morphology, and the fibrillar or needlelike product

shown in more rapidly dried paste is absent.

Since Hunt's BET experiment in the 1960s (see the Introduction),
other researchers have compared the effect of different drying
techniques on cement surface area. In the 1970s, Litvan compared
the effect of P-drying, D-drying, and oven drying on nitrogen BET
measurements for Portland cement paste [20]. Progressively higher
surface areas corresponded to harsher drying conditions as a result.
More recently, Korpa and Trettin have performed a similar experi-
ment, resulting in a similar trend between the P-drying and D-drying
methods, but reported a comparatively lower surface area for oven-
dried specimens [37]. Oven drying is typically considered the most
damaging drying method among the three [38]. One explanation is
that oven drying causes a collapse of the interlayer pores, resulting in
lower surface area measurements.

Estimates of the surface areas for Samples 1-5 are compared and
summarized in Table 2. The calculation was made by estimating the
surface area, volume, and mass of one C-S-H needle, fibril, or bump,
using a density of 2.3 g/cc [39]. Note that this surface area was taken
from the C-S-H exterior, as shown in the micrographs in Figs. 1-5.
The results show a modest increase in surface area with harsher
drying conditions, a trend that is in partial agreement with Korpa and
Trettin and in full agreement with Litvan and Hunt. An increase in
surface area may therefore correlate to greater changes to the C-S-H
morphology on drying.

4. Conclusion

Micrographs of C3S paste samples subjected to various drying rates
were taken to examine morphological changes in C-S-H microstruc-
ture. These micrographs were taken with an ESEM under specified
temperature and pressure conditions so that the relative humidity of the
environment around the specimens could be controlled. Every effort
was made to minimize carbonization and beam damage. The mecha-
nism(s) of formation of the various morphologies are not well
understood, and although this type of microscopic observation cannot
prove a mechanism, it can shed light on the possibilities. In this spirit, we
interpret the results as follows.

1. The C-S-H morphology in early-age CsS paste is more affected by
drying rate at high relative humidity (greater than 85%) than by the
level of relative humidity. In early-age specimens subjected to
rapid drying rates, C-S-H appeared fibrillar, a morphology
observed by previous investigators. In specimens that were very
slowly dried, the morphology was less distinct in early-age
specimens. The sensitivity to drying rate was most apparent at
partial pressures greater than 85%. Older rapidly dried samples
also tended to show a fibrillar morphology, but older slowly dried
specimens tended to present a mixed fibrillar and amorphous
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Fig. 5. Sample 5: Micrographs of C3S paste hydrated for 21 days and imaged at (a) 75%
RH and (b) 33% RH. The presence of a fibrillar C-S-H product is similar to that of a
young C3S paste but is unlike the amorphous morphology shown in an incrementally
dried specimen (i.e., Sample 4). These results indicate that the C-S-H morphology is
more dependent on drying rate rather than time after curing.

2.0pm

Fig. 6. Sample 6: Micrograph of CsS paste hydrated for 21 days, incrementally dried to
75% RH, and imaged at 75% RH. In this image, both fibrillar and amorphous C-S-H
morphologies are shown. The morphology in this specimen suggests that, over time,
fibers may naturally form in wet cured C3S paste.

m 20.0 kV

e|Temp

4.8 °C
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Fig. 7. Samples 7 and 8: Comparison of microstructure at (a) first drying (Sample 7) and
(b) second drying (Sample 8) at the same temperature and pressure (approximately
85%-90% RH). The fibrillar C-S-H morphology more quickly emerges in a previously

dried C5S paste specimen.

structure, an observation that suggests that a fibrillar product
may naturally form over time.
2. The morphology of C-S-H cannot yet be imaged in its natural state.
ESEM micrographs are limited to a resolution of approximately
10 nm at best. Kelvin's equation predicts that all pores below
10 nm in diameter are empty below 77% partial pressures.
Consequently, changes in the microstructural features of C-S-H
in its natural state, particularly with regard to gel pores less than
10 nm, cannot currently be seen in an ESEM.

Table 2

Estimation of LD (External) Surface Area at 33% RH.

Sample number Age Drying method Surface area per
(days) unit mass (nm?)

1 3 Oven 109

2 3 Rapid 70

3 3 Slow (2 hrs) 35

4 3 Incremental (18 days) 18

5 21 Rapid 39

6 21 Incremental (4 days) Mixed results
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3.

External surface area increases with harsher drying conditions.
Surface area calculations for the external C-S-H product were
estimated for each sample, showing that, as the rate of drying
increased, so did the outer surface area of C-S-H. These results
follow a similar trend of the literature values of BET nitrogen
sorption measurements of cement paste subjected to various
drying conditions.

. C-S-H has properties similar to gels. One characteristic of a gel is

that greater changes in morphology are caused by the gradient of
capillary pressure. These gradients develop due to the rate of
drying. As shown in micrographs of C3S paste at early ages, the
morphology of the C-S-H hydration product markedly changes
with higher drying rates, giving C-S-H one of the important
properties of a gel. These observations suggest that the needles and
other morphologies that naturally form over time are accelerated
by rapid drying and are interrupted by slow drying.
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