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The microstructure of calcium–silicate–hydrate (C�S�H) gel, a major hydrated phase of Ordinary Port-
land Cement, with and without polycarboxylic ether (PCE) additives is investigated by combined analyses
of small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) data. The results show
that these comb-shaped polymers tend to increase the size of the disk-like globules but have little influ-
ence on the thickness of the water and calcium silicate layers within the globules. As a result, the fractal
packing of the globules becomes more open in the range of a few hundred nanometers, in the sense that
the mass fractal dimension diminishes, since the PCE adsorption on the globules increases the repulsive
force between and polydispersity of the C�S�H units. Moreover, scanning electron microscope (SEM)
study of the synthesized C�S�H gels in the micrometer range shows that the PCEs depress the formation
of fibrils while enhancing the foil-like morphology.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The mechanical properties of cement depend on the progressive
maturation of hydrated porous phases due to the continuous reac-
tion of water with the cement. This hydration process can last for
several years. It is strongly affected by additives, many of which
have been developed in recent years. The efficiency of these addi-
tives to produce high-performance concretes (HPC), that is, cement
with extremely low porosity and enhanced strength and elasticity,
is continuously being improved [1–3]. Superplasticizers (SPs) are
compounds irreplaceable to the construction industry that are
used as additives to produce HPC. These polymers have been
shown to improve the flowability and workability of concrete
pastes, to keep the water content of cement low, and to ensure
the high mechanical strength, shrinkage, and durability of the
hardened cementitious composite [1–3]. The comb-shaped poly-
carboxylic ethers (PCEs) are among the most effective SPs used in
the cement industry. The simplest PCEs are composed of a polyac-
rylic or polymethacrylic anionic backbone with grafted polyethyl-
ene oxide (PEO) uncharged side chains. Each of these pieces can be
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tuned to produce several graft copolymers varying in the molecular
weights and chemical structures. The effect of adding PCEs de-
pends on the chosen chemical structure, which can dramatically
alter the interaction between PCEs and the cement matrix [4–9].
The adsorption of the PCEs on the surface of the cement particles
increases if the density or length of the PEO side chains is de-
creased. The decrease in side chain density increases the number
of negative charges, that is, the number of free carboxylic groups
on the backbone. Shortening of the PEO chain length not only re-
duces the overall steric hindrance, that is, rendering the negative
charges on the backbone more accessible, but also increases the
charge density of the entire polymer. Zingg et al. [10] studied the
influence of PCEs on the microstructural evolution of the Portland
cement during the early hydration stage. They concluded that sur-
face charges of the silicate phases (i.e., tricalcium silicate (C3S) and
C�S�H) and aluminate phase (i.e., ettringite) depend on the ions
present in the liquid phase (i.e., pore solution). PCEs adsorb on
the surface of all the three phases but mainly on ettringite surface
due to the direct adsorption of PCE on the ettringite particles. They
suggested that PCEs adsorb indirectly on the Ca2+ counterion layer
at the slip surface of C3S and C�S�H through the interaction of the
negative carboxylic groups on the PCE backbone with the positive
calcium ions. Their results indicated that different levels of adsorp-
tion modify the rheology and hydration kinetics of the final cement
pastes.
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While the influence of PCEs on the macroscopic observables of
cement (rheology, mechanical properties, and hydration dynamics)
has been reported in the literature [4–9], the change in the C�S�H
microstructure due to the PCE additives remains mostly unknown.
Very recently, we used small-angle neutron scattering (SANS) to
study the microstructure of synthesized pure calcium–silicate–hy-
drate (I) gel (C�S�H (I)) [11]. The analysis was based on Jennings’
colloidal model-II (CM-II) [12,13]. In CM-II, C�S�H gel is described
as a fractal-like object formed by the packing of colloidal particles
called ‘‘globules’’. The globules are the basic building blocks of the
C�S�H gel. Each globule has a lamellar sub-structure which was
fully described by an appropriate form factor, allowing us to deter-
mine the evolution of the structural parameters in pure C�S�H (I)
gel as a function of the water content [11]. The cartoons in Fig. 1a
illustrate the intra-globule sub-structure and the inter-globule
fractal structure. In this study, we use the combination of SANS
and small-angle X-ray scattering (SAXS) techniques to investigate
the microstructural changes of the C�S�H (I) gel before and after
the addition of PCEs with defined chemical structures. Pure C�S�H
gel together with four C�S�H gels including different PCEs,
namely, PCE23-2, PCE23-6, PCE102-2, and PCE102-6, were studied
[7]. To the best of our knowledge, this is the first time that the
influence of PCE additives on the microstructure of C�S�H gel
has been studied in detail.
Fig. 1. Model fitting results of the pure C�S�H sample. (a) Experimental data of
SAXS (blue open circle) and SANS (black open circle) and the corresponding data
fitting curves of SAXS (cyan line) and SANS (red line) of the pure C�S�H sample.
The SAXS experimental and fitting intensities are shifted in y-axis by timing a
factor 10 for clarity. (b) inter-particle structure factor S(Q) of the SAXS data (blue
solid triangle) and SANS data (black solid circle, not seen because it is almost the
same curve as the S(Q) of the SAXS data) and intra-particle structure factor P(Q)
of the SAXS data (green open triangle) and SANS data (red open circle) used to
fit the data in panel (a). The difference in P(Q) comes from the different v of
neutron and X-ray. The error bars of the experimental data represent one
standard deviation. The cartoons in panel (a) show the fractal structure
suggested by S(Q) and the multi-layered cylinder model we use for P(Q). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
2. Materials and methods

2.1. Materials

Synthetic C�S�H was prepared by hydrating 4 g of pure trical-
cium silicate (C3S) in 1150 g of pure degassed water or 0.14% w/w
PCE aqueous degassed solution (i.e., 0.4 g of polymer per 100 g of
dry C3S). All the water used in the synthesis was degassed to avoid
any carbonation during the C3S hydration. The chemically pure
batch of C3S (CTG-Italcementi, Bergamo) had a specific surface area
of 0.65 m2/g (BET). The molecular formulae of the four PCEs used in
this study (i.e., PCE23-2, PCE23-6, PCE102-2, PCE102-6) are reported
elsewhere along with relative polydispersities [7]. PCE23-2 and
PCE23-6 have PEO side chains which are five times shorter than
PCE102-2 and PCE102-6, while series 6 (i.e., PCE23-6 and
PCE102-6) has more free carboxylic groups on the backbone. As a
result, the adsorption ability results: PCE102-2 < PCE102-
6 < PCE23-2 < PCE23-6. The hydration reaction was conducted at
25 �C for 40 days in sealed polyethylene bottles. The dispersions
were filtered, and the water content was standardized by dehy-
drating the samples at 60 �C in a N2 atmosphere. Final water con-
tent was about 20% as determined by thermogravimetric analysis
on the so-obtained solids (operated at 10 �C/min. with a N2 flux
of 100 ml/min.). The sum of Ca(OH)2 and CaCO3 contents was
always lower than 5% in all cases. Energy dispersive X-ray spec-
troscopy (EDS) evidenced an average Ca/Si ratio of about 1.6–1.9
in the cases of the pure C–S–H sample and PCEX-6 series, while
in the case of PCEX-2 series, the ratio resulted slightly lower
(1.3–1.5). Standard deviation is high in all cases (0.3–0.5) confirming
the expected inhomogeneity of the sample. EDS spectra were re-
corded using a X-act microprobe (10 mm2 silicon drift detector, Ox-
ford Instruments) coupled with a SEM microscope (Carl Zeiss).
Further specific details on the synthesis can be found elsewhere [11].

2.2. Methods

2.2.1. Small-angle neutron scattering (SANS) and small-angle X-ray
scattering (SAXS)

SANS experiments were carried out at the High-Flux Advanced
Neutron Application Reactor (HANARO) at Korea Atomic Energy
Research Institute (KAERI), Daejeon, Republic of Korea. We used
neutron wavelength, k, of 5 Å and two configurations with sam-
ple-to-detector distances, SD, of 17.80 m and 1.16 m, respectively,
to cover a wild Q-range of 0.002–0.909 Å�1. SAXS measurements
were conducted at the National Synchrotron Radiation Research
Center (NSRRC), Hsinchu, Taiwan. Two sets of SD and k, (4.94 m,
1.771 Å) and (1.18 m, 0.886 Å), were used to cover a Q-range par-
allel to the SANS measurements. The measurements were carried
out at ambient temperature. Both SANS and SAXS data were rigor-
ously corrected for electronic noise, sample transmission, back-
ground scattering and detector sensitivity, followed by a scaling
to absolute intensity I(Q) in cm�1 based on the scattering of a spe-
cific standard.

2.2.2. Thermogravimetry
Thermogravimetry was performed by means of a SDT Q600 (TA

Instruments, Milan) from room temperature up to 900 �C, at a rate
of 10 �C/min, under nitrogen flux (100 ml/min).

2.2.3. Scanning electron microscope (SEM) and energy dispersive X-ray
spectroscopy (EDS)

Scanning electron microscope (SEM) investigations were per-
formed on uncoated samples using a SIGMA field emission scan-
ning microscope (Carl Zeiss Microscopy GmbH, Germany). The
reported images were acquired using the In-Lens Secondary
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Electron detector and working at a distance of about 3 mm with an
acceleration potential of 2 kV. Energy dispersive X-ray spectros-
copy (EDS) was performed by a 10 mm2 silicon drift detector (X-
Act) coupled with the SEM microscope and operated by the INCA
software (Oxford Instruments). In this second case, the operative
voltage of the electron source was raised to 5 kV and the working
distance was increased to 8.5 mm to maximize the X-ray photon
counts.
2.2.4. Analytical form of the small-angle scattering (SAS) model
In this work, we generalize the previously derived intensity for-

mula used in the SANS data analysis [11] and apply it to the com-
bined SAXS and SANS analysis. The combination of SANS and SAXS
data analysis allows us to extract all the structural parameters
much more accurately by introducing additional fitting conditions.
The small-angle scattering (SAS) absolute intensity, in units of
cm�1, for a C�S�H gel consisting of globules immersed in the sol-
vent (hydration water or air) can be expressed as:

IðQÞ ¼ NhPðQÞiOrientation;nSðQÞ þ bg ½cm�1�: ð1Þ

N is a contrast prefactor. S(Q) denotes the inter-globule structure
factor of the porous C�S�H gel and hPðQÞiOrientation;n describes the
normalized intra-particle structure factor averaged over the distri-
bution of the number of layers (assumed to be a Schultz distribu-
tion) and all possible orientations of the globules. For SANS, I(Q)
in Eq. (1) should be further convoluted to the Q resolution function
R(Q), that is, IðQÞMeasure ¼ IðQÞ � RðQÞ while for SAXS, dQ/Q is very
small (<0.02) so for the first approximation, we neglect the Q reso-
lution effect in the X-ray case.

In CM-II model, C�S�H gel consists of globules packing into a
fractal-like object. The self-similar fractal structure is characterized
by a fractal dimension D and a cutoff dimension of n. The gel is im-
mersed in an aqueous solution or air depending on the water con-
tent [11]. Denoting the equivalent spherical radius of the globule as
Re, the inter-globule structure factor of the porous C�S�H gel can
be calculated by [11].

SðQÞ ¼ 1þ Np

Z 1

0
dr 4pr2 sinðQrÞ

Qr
gðrÞ

¼ 1þ 1

ðQReÞD
DCðD� 1Þ sin½ðD� 1Þ tan�1ðQnÞ�

½1þ ðQnÞ�2�½ðD�1Þ=2�

¼ 1þ n
Re

� �D

CðDþ 1Þ sin½ðD� 1Þ tan�1ðQnÞ�
ðD� 1Þ½1þ ðQnÞ2�½ðD�1Þ=2�ðQnÞ

ð2Þ

C(x) in Eq. (2) is the gamma function.
In a previous study [11], the authors described a general math-

ematical form of the intra-particle structure factor PðQ ;lÞ, where
l = cos h. We assume the globules with sub-layered structure can
have aspect ratio varying from cylinders to disks passing through
spheroidal objects. In the following, we indicate the disk radius
as R, the angle between ~Q and the globule rotation axis as h, the
layer thicknesses of hydration water and hydrated calcium silicate
as L1 and L2, respectively, and their corresponding scattering length
densities (SLDs) as q1 and q2, the interlayer distance as L, where
L = L1 + L2, the solvent SLD as qs, and the number of repeating lay-
ers inside a globule as n. Defining the normalized particle form fac-
tor as FðQ ;lÞ ¼ 1

�qVp

R
Vp

qð~rÞ expði ~Q �~rÞd3r, where Vp is the volume of
the globule, the normalized particle structure factor FðQ ;lÞ is gi-
ven by [11].

PðQ ;lÞ ¼ jFðQ ;lÞj2 ¼ 2J1ðQR
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2

p
Þ

QR
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2

p
" #2

C2ðA2 þ B2Þ; ð3Þ
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A ¼ v cos
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2

� � sin QlL1
2

� �
Ql

þ cos
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2
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2

� �
Ql

;

B ¼ v sin
QlðnL� L2Þ

2

� � sin QlL1
2
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Ql

þ sin
QlðnLþ L1Þ

2

� � sin QlL2
2

� �
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;

C ¼ 2
n½vL1 þ L2�

sin QlnL
2

� �
sin QlL

2

� � and v ¼ q1 � qs

q2 � qs
:

The particle structure factor PðQ ;lÞ should be averaged over all
possible axis directions by hPðQÞiOrientation ¼

R 1
0 PðQ ;lÞdl. Moreover,

we should expect that the number of layers n, the cylindrical glob-
ule radius R, and the interlamellar distance L all have their own dis-
tributions. However, here we only introduce an ‘‘effective’’
distribution for the number of layers fS(n) to take into account all
the possible contributions. We assume the effective polydispersity
to be a Schultz distribution given by:

fSðnÞ ¼
Z þ 1

�n

� �Zþ1

nZ exp � Z þ 1
�n

� �
n

� �
=Cðzþ 1Þ Z > �1; ð4Þ

where �n is the mean of the distribution, Z is a width parameter, and
C(x) is the gamma function. The standard deviation of fS(n) can be
calculated by rn ¼ ð �n2 � �n2Þ1=2 ¼ �n=ðZ þ 1Þ1=2.

Therefore, the final form of the normalized average particle
structure factor can be obtained by:

hPðQÞiOrientation;n ¼
Z 1

0
hPðQ ;nÞiOrientationfSðnÞdn:

The important parameters contained in the intra-particle struc-
ture factor in Eq. (3) are R, L1, L2, L = L1 + L2, v, �n, and Z. The param-
eters contained in the inter-globular structure factor in Eq. (2) are
D and n. The equivalent radius Re of a globule can be calculated as
Re ¼ ð3�nR2L=4Þð1=3Þ. Ideally, the difference between the SANS and
SAXS models only occurs in the factor v, that is, vSANS and vSAXS,
the prefactor N, that is, NSANS and NSAXS, and the constant back-
ground, that is, bgSANS and bgSAXS.
3. Results and discussion

We first conducted non-linear least square fitting to SAXS data
and used the resulting parameters as known parameters to input
into the SANS model, allowing only NSANS, vSANS, and bgSANS to
change. We fixed vSAXS to be 0.064 for both C�S�H gels with
and without additives, assuming the density of the calcium silicate
layer to be the same as that of the C�S�H particle in D-drying con-
dition [12]. This is reasonable because the scattering length densi-
ties of PCEs are very close to water’s SLD. Ideally, LSANS and LSAXS

should be the same, but we allowed this parameter to relax a
few angstroms, considering the different resolutions of the two
instruments. Also, we only fitted the Q-range of 0.02 Å�1 <
Q < 0.70 Å�1 and neglected the surface fractal effect in the Q-range
chosen for the SAXS and SANS data analysis. This is because the
surface fractal feature is mainly present within the Q-range
below 0.01 Å�1 [12,13]. Finally, because the change of the n during
the fitting process had little effect on the inter-particle structure
factor S(Q) in the range of Q > 0.02 Å, we fixed n at 670 Å in accor-
dance with what is reported in Refs. [11,12].
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Fig. 1 shows the SAXS and SANS data fitting of pure C�S�H gel
measured at 25 �C together with their corresponding S(Q) and P(Q).
The difference between the SAXS and SANS intensities comes from
the different SLDs of X-ray and neutron, which contribute to P(Q).
The cartoons in Fig. 1a show the inter-globule fractal structure
(pointed by the arrow to low Q) and the intra-globule sub-struc-
ture (pointed by the arrows to high Q). The comparison of SANS
and SAXS data fitting results for all of the samples is shown in
Fig. 2. The model we used agrees with both SANS and SAXS data
over the wide Q-range from 0.02 Å�1 to 0.70 Å�1. The fitting
parameters used in Figs. 1 and 2 are listed in Table 1.

The thickness of calcium silicate layer L2 obtained from the
SAXS data fitting is close to the result of grand canonical Monte
Carlo (GCMC) simulation (3.3–3.9 Å) [14,15] and what was found
in the previous SANS study (3.47 Å) [11]. The results here show
that the thicknesses of both the water layer (L1) and the calcium
silicate layer (L2) do not change much when PCEs are added, indi-
cating that PCEs do not form any intercalation products with this
phase unlike the case of Al-rich hydrates, that is, the AFm phase
[16]. However, the additives enlarge the C�S�H globules in two
ways. First, the average number of repeating layers �n increases
for all of the samples with additives, suggesting that PCEs are able
to bind more layers together. Second, the globule disk radius R in-
creases in samples with additives of PCE23-2 and PCE102-6. This
means that when adding PCE23-2 and PCE102-6, the microstruc-
ture of C�S�H becomes more like the continuous extension of
branched or interconnected multi-lamellar sheets, as in the models
proposed by Dolado et al. [17,18] and McDonald et al. [19]. In addi-
Fig. 2. Model fitting results of (a) SAXS data and (b) SANS data. Both panels show
the experimental data for pure C�S�H (black open square), C�S�H/PCE23-2 (blue
open up-triangle), C�S�H/PCE23-6 (magenta open left-triangle), C�S�H/PCE102-2
(navy open diamond), C�S�H/PCE102-6 (pink open hexagon), and the data fitting
curves for pure C�S�H (red), C�S�H/PCE23-2 (orange), C�S�H/PCE23-6 (cyan),
C�S�H/PCE102-2 (green), C�S�H/PCE102-6 (dark yellow). The experimental and
fitting intensities are shifted in y-axis by timing factors of 104 (pure C�S�H), 103

(C�S�H/PCE23-2), 102 (C�S�H/PCE102-6), and 101 (C�S�H/PCE102-2) for clarity.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
tion, by fitting the SAXS data with IðQÞ ¼ Cp � Q�4 in the range of
0.23 Å�1 < Q < 0.29 Å�1, where the contribution from S(Q) is negli-
gible, we found that the Porod constant Cp (not shown), which is
proportional to the total surface area per volume, has the trend:
C�S�H > C�S�H/PCE102-2 > C�S�H/PCE23-6 > C�S�H/PCE23-
2 > C�S�H/PCE102-6. This trend is inverse to the trend of the
effective radius Re of the globules (see Table 1) except for PCE23-
2 and PCE102-6. This is reasonable because particles with larger ra-
dius have smaller specific surface area. Surprisingly, the globules
pack into a more open fractal structure when additives are present,
as shown by the decrease in fractal dimension D (see Table 1).
Uchikawa et al. [20] conducted atomic force microscope (AFM)
measurements on Ordinary Portland Cement with and without
PCE and found that the addition of PCE significantly increases the
intensity and range of the steric repulsive force introduced by
the additives. Ferrari et al. [21] investigated the interaction of
PCE23-6 with model surfaces using AFM, adsorption isotherms,
and zeta potential. The main tendency for PCEs in cement is to ad-
sorb on positively charged surface in order to avoid positive–neg-
ative particle aggregation. When particles do not adsorb SPs, the
electrostatic interaction dominates, otherwise the steric repulsion
dominates. The enhanced dispersion forces can explain the more
open structure in the case of C�S�H (I) pastes containing PCEs,
where the particles all have the same charge as a result of the sim-
plicity of the synthetic phase which is almost free of Ca(OH)2. The
more open structure can be also due to the more disperse number
of layers in the samples containing PCEs compared with the pure
C�S�H (I) sample. This can be seen clearly in Fig. 3, which shows
the effective Schultz distribution of the total thickness of the glob-
ules (t = nL), contributed from the effective distribution of the
number of repeating layers, for all the investigated cases. The high
polydispersity of the globules in the samples with PCEs makes the
globules hard to pack into a compact structure. This is consistent
with the authors’ previous study [11], in which we showed that
C�S�H gel with lower water content has a higher fractal dimen-
sion (a more compact fractal structure) and a more uniform distri-
bution with respect to the number of layers. Finally, we estimated
the number density of the globules NP (not shown) through the
prefactor N ¼ NPðDq

�
VpÞ2 and found that NP has the trend

C�S�H > C�S�H/PCE102-2 > C�S�H/PCE23-6 > C�S�H/PCE102-
6 > C�S�H/PCE23-2 (i.e., the reverse of the particle size trend).
This is expected because with the same amount of C3S, the gel with
larger globule size should have lower globule number density. The
lower NP can also explain the more open fractal structure formed
by the samples in the presence of additives.

The thermogravimetric analysis performed on the pastes con-
taining PCEs is shown in Fig. 4 as derivative weight loss signal ver-
sus temperature. A well-defined peak due to the polymer
decomposition is evident at around 400 �C for the C�S�H/
PCE102-6 and C�S�H/PCE23-6 samples. For the cases of CSH/
PCE102-2 and CSH/PCE23-2, this peak is barely distinguishable
from the base line. A second feature is shown at about 380 �C in al-
most all cases. The estimated mass losses due to the presence of
adsorbed polymers (considered the baseline due to the degrada-
tion of the inorganic phase) are 0.4 ± 0.1% for C�S�H/PCE102-6
and C�S�H/PCE23-6 and 0.2 ± 0.1% for C�S�H/PCE102-2 and
C�S�H/PCE23-2. These semi-quantitative observations are in
agreement with the literature [4–10], confirming the higher pro-
pensity of the PCEX-6 series to be adsorbed on the calcium silicate
phase, as a result of the higher amount of charged carboxylic
groups present on the backbone.

Ridi et al. [7] previously studied the hydration reaction of trical-
cium silicate (C3S) in the presence of the same four PCEs investi-
gated in this study. Their results showed that decreasing PEO
side chain length and density increases the induction time. As a re-
sult, the induction time followed the sequence of C3S/PCE23-



Table 1
Parameters extracted from the model fitting of SAXS and SANS data.a

Sample LSAXS (Å) L2 (Å) �n R (Å) D Re (Å) LSANS (Å) vSANS

CSH 13.05(3) 4.46(5) 0.85(1) 59.31(8) 2.81(1) 30.81(9) 10.7(2) -0.25(2)
CSH + PCE23-2 12.06(1) 4.4(1) 2.46(1) 104.1(1) 1.67(1) 62.23(9) 11.22(3) -0.31(1)
CSH + PCE23-6 12.36(1) 4.80(4) 1.48(1) 59.08(8) 2.62(1) 36.28(9) 11.33(4) -0.27(1)
CSH + PCE102-2 12.76(3) 4.20(7) 1.01(1) 58.92(8) 2.70(1) 32.3(1) 11.23(7) -0.23(1)
CSH + PCE102-6 12.54(1) 4.46(5) 1.48(1) 66.7(1) 2.68(1) 39.6(2) 10.93(4) -0.32(1)

a n is fixed as 670 Å [11,12] and vsaxs is fixed as 0.064, assuming the density of the calcium silicate layer to be the same as C�S�H particle in D-drying condition. The width
parameter Z of the number of layers with Schultz distribution is collapsed onto the lowest boundary 0.01 set by the fitting process, indicating the wide distribution of n. Here,
we allow LSAXS and LSANS to be different within a few angstroms to consider the difference of the instrument resolutions.

Fig. 3. The effective Schultz distribution of the total thickness t = nL of the globules
for samples of pure C�S�H (black line with solid square), C�S�H/PCE23-2 (red line
with solid circle), C�S�H/PCE23-6 (green line with solid up-triangle), C�S�H/
PCE102-2 (blue line with solid down-triangle), and C�S�H/PCE102-6 (magenta line
with solid left-triangle). The normalization condition is

R1
0 fSðtÞdt ¼ L (For inter-

pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.).

Fig. 4. Detail of the thermogravimetric measurements, presented as derivative
weight loss versus temperature, of the four C�S�H samples synthesized in
presence of additives. The pure C�S�H sample (not shown here) gives a smooth
baseline showing no features in the reported temperature range and in particular at
380 and 400 �C.
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6 > C3S/PCE23-2 > C3S/PCE102-6 > C3S/PCE102-2 > pure C3S. The
results here indicate that for the longer PEO chain cases, that is,
PCE102-Y series, the PCE with lower side chain density (PCE102-
6) induces globules with a larger disk radius and a large average
number of layers. These globules pack into a more open fractal
structure compared with the higher side chain density sample
(PCE102-2) and the pure C�S�H sample. This should be related
to the fact that a PCE with a lower side chain density has a higher
adsorption on the C3S starting powder as well as on the final
C�S�H particles and hence affects more on the microstructure of
C�S�H [4–10]. However, surprisingly, the PCE23-Y series (shorter
PEO chain length) shows the reverse trend. The higher chain den-
sity polymer (PCE23-2) induces the greatest change in the C�S�H
microstructure. Actually, C�S�H/PCE23-2 has parameters very dif-
ferent from the parameters of other samples (see Table 1) and the
reason for this is not clear yet. A field emission scanning electron
microscope (FE-SEM) investigation was conducted to clarify this
point. The FE-SEM images displayed in Fig. 5 shows that in the pure
C�S�H sample (panels (a) and (b)), two different morphologies are
present: zones of fibrillar structures and areas with networks of
foils coexisting all over the sample. Working at a very high w/c ra-
tio results in a very inhomogeneous sample with respect to the
morphology and the composition, as testified both by SEM images
and EDS analysis, which shows the broad range of Ca/Si ratio rang-
ing from 1.6 to 2.0. On the other hand, almost no sign of fibril is
found in the samples containing additives (panels (c)–(j)), where
the main morphology consists of flat structures arranged in
sponge-like networks. If we consider these sponge-like features
closely, it is clear that a more compact structure is achieved when
the PCEs are present in the pastes, which is consistent with the
expectation that PCEs produce high-performance concretes with
low porosity. Moreover, it can be observed that in the cases of
PCE23-2, PCE23-6 and PCE102-6, the global morphology is more
amorphous and compact than the other cases. At this stage, we
have to remember that SEM and SAS techniques give complemen-
tary information and pertain different dimensional ranges, render-
ing difficulty to reconcile the results. An ultra-SAS experiment
would allow us to link the extracted fractal dimensions to the ac-
tual morphology in the micrometer dimensional range.
4. Conclusions

We studied the effect of adding PCEs with controlled molecular
architectures on the microstructure and nanostructure of the syn-
thesized C�S�H (I) gel and its globules using the combination of
SAXS and SANS techniques. The combined data analysis gives addi-
tional fitting conditions to extract the structural parameters accu-
rately. We demonstrated, for the first time, that PCE additives can
enhance the local stacking of the calcium silicate sheets through
increasing the average number of repeating layers in the globules,
which further pack into more open fractal-like structures in the
range of a few hundred nanometers. The layer thickness of a glob-
ule is not significantly affected by the PCEs added. This is a clear
proof of the lack of any intercalation phenomena in the C�S�H/



Fig. 5. FE-SEM images of (a) and (b) C�S�H, (c) and (d) C�S�H/PCE102-2, (e) and (f) C�S�H/PCE102-6, (g) and (h) C�S�H/PCE23-2, and (i) and (j) C�S�H/PCE23-6. Images
on the left correspond to 25� magnification (bar = 1 lm) while images on the right correspond to 75� magnification (bar = 200 nm).
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PCE systems, in contrast to what is usually found in Al-rich phases.
The investigation in the micrometer range evidences that the PCEs
depress the fibril formation characteristic of the C�S�H (I) phase
in favor of a foil-like morphology, which is more compact and
interconnected. The pastes containing PCE23-6, PCE102-6 and
PCE23-2, which have higher adsorption propensity toward the cal-
cium silicate phase, result more abundant in amorphous regions,
showing less extended foils. These findings are fundamental for
understanding the effect of superplasticizers at a microscopic level.
In the future, this enhanced understanding could allow a fine tun-
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ing of the structure and mechanical properties of C�S�H, and in
turn those of cement.
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