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ABSTRACT
Small-angle neutron scattering was used to measure the effect of water-to-
cement ratio (w/c) and cement batch variation on the surface area of ordinary
Portland cement (OPC) paste after hydration for 28 days at room temperature,
and to measure the development of surface area over the first 3 days of
hydration at 30°C. The 28-day surface area was found to increase with w/c
ratio in proportion to the volume of original water-filled space available for
reaction product to form. The surface areas of different batches of type | OPC
were quite similar, while that of a type Il OPC was some 15% lower. Early
surface area development at 30°C followed the heat evolution for the first 24 h
of hydration and then leveled off, suggesting that further heat evolution was
associated with reaction product, which added little to the surface area. These
results support the theory that two different morphologies of the calcium-
silicate-hydrate gel reaction product form during cement hydrati@n1998
Elsevier Science Ltd

Introduction

Previous small-angle neutron scattering (SANS) measurements of the surface area of cement
have resulted in a range of reported values (1-3), depending on extrinsic variables such as the
cement composition, age, water-to-cement ratio (w/c), and hydration temperature, and also
on some variations in the experimental conditions and data interpretation. This paper reports
on the effect of w/c on the SANS surface area of ordinary Portland cement (OPC) explicitly,
and on the surface area of several different OPC cements produced under identical processing
conditions, in order to estimate the amount of variation attributable to compositional differ-
ences. An attempt has also been made to clarify some of the assumptions and steps that must
be made in calculating surface areas from SANS data.

One distinct advantage of small-angle scattering techniques is that the surface area can be

1To whom correspondence should be addressed.
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TABLE 1
Compositions (weight %) of the OPC cements used.
Cement A Cement B Cement C Cement D
Type | Type | Type | Type Il
Manufacturer Lafarge Ashgrové Holnant Ashgrové
SiO, 18.5 21.0 20.8 22.2
AlL,O4 5.3 41 53 3.2
Fe,04 24 33 2.3 4.2
CaO 61.3 63.5 63.5 64.5
MgO 2.7 2.3 3.7 11
SO, 4.3 2.7 2.8 2.1
Na,O + K,O 1.00 0.43 0.51 0.67
CsS 57.7 57 54 60.0
C,S 9.6 18 19 18.4
CA 10.0 6 10 14
C,AF 7 10 7 12.9

@ Certain commercial materials are identified in order to specify adequately the exper-
imental procedure. Such identification does not imply an endorsement by the National
Institute of Standards and Technology, nor does it imply that they are necessarily the
best available for the purpose.

measured in situ on reacting specimens. This has allowed the early surface area development
to be monitored and has resulted in the important discovery (1) that the early surface area
develops much more rapidly than is indicated by gas sorption techniques, which are unsuit-
able for very young specimens. This finding has been confirmed by other techniques,
including small-angle X-ray scattering (SAXS) (4), and NMR relaxation (5). In this study,
the surface area was monitored at a higher hydration temperature of 30°C for the first time.
The surface area of the same OPC cement hydrated withvizas also monitored at 30°C

in hopes of clarifying the observed dramatic suppression of the reaction kinetics y@th D

(6). In both cases the degree of reaction was measured independently by thermal calorimetry,
and the comparison of the surface area and the heat evolution is shown to be particularly
useful.

Experimental

Most of the experiments were conducted on OPC specimens that were 28 days old at the time
of the SANS measurement. Four different cements, labeled A though D, were used, with
compositions as listed in Table 1. Cements A, B, and C are type | OPC, and cement D is a
type 1l OPC, designed to have a lower heat of hydration.

To determine the effect of w/c on the SANS surface area, pastes made from cement A were
prepared at w/c values ranging from 0.35 to 0.60. Specimens weighing approximately 250 g
were mixed for 5 min. by hand and then sealed into plastic cups. Because specimens prepared
at w/c greater than about 0.45 tend to bleed, all specimens were then rotated for 48 h before
being stored at room temperature. For cement types B, C, and D, one specimen was made at
w/c = 0.40. Two 5-year-old OPC specimens that were stored in saturated lime water were
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FIG. 1.

Rate of heat evolution of cement A at 30°C and w/®.4, for reaction with HO and D,O.

Rate of Heat Evolution (mW/g of OPC)

also used. These specimens were made with w/c of 0.40 and 0.50 and were also rotated for
48 h after mixing.

A few days before the SANS experiment, the specimens were unsealed and cut into
coupons approximately 0.5 mm thick using a diamond wafering blade. These coupons were
stored under water in small glass vials until just before the experiment, at which time they
were transferred to the quartz optical cells used for SANS measurements, along with a few
drops of water to maintain saturated conditions.

The real-time hydration experiments were conducted using cement A and ®40. The
paste was mixed for 5 min. and then poured into a quartz optical cell with an internal
thickness of 1 mm, which was then sealed. These specimens were immediately placed into
the SANS instrument to begin monitoring their early hydration. The specimen holder was
maintained at a temperature of 30°C throughout the 3-day experiment. The heat evolution of
cement A at w/c= 0.40 was measured using thermal calorimetry at 30°C for hydration with
both H,O and DO (see Fig. 1). Hydration with D is significantly slower, and the
secondary peak associated withAChydration appears before the,;& hydration peak, as
previously noted by King et al. (6). (Cement chemistry notations CaO, S= SiO,, H =
H,O, D = D,O, A = Al,,03.)

The SANS measurements were conducted using the NIST/NSF 30 m SANS instrument at
the Center for Neutron Research, National Institute of Standards and Technology, Gaithers-
burg, MD.

Data Analysis

The calibrated small angle-scattering intensity, as a function of the scattering angle or
associated scattering vector, can be used to determine microstructural properties in hydrating
cement such as the gel/pore structure and the total internal surface (1).

To determine the surface area, only the data from the highest scattering angles are used,
following the theory developed by Porod (7). In this regime, the Porod equation holds:
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Ce
| = o BGD (1)

wherel is the normalized scattering intensif,is the scattering vector €4\)sin($bJ2), b

is the angle of scattek, is the neutron wavelengtl is the Porod constant, alBGD is the
background intensity caused by incoherent scattering. When data from the Porod regime is
plotted adQ (4) vs.Q% a linear fit to the data gives the two paramet@gsandBGD as the
intercept and slope, respectively, is directly proportional to the surface area:

="
~ 2m[Apf?

whereS, is the surface area per unit specimen volume anpcf is the scattering contrast.

The scattering contrast\p 2, arises from the differencéyp, in the intrinsic strengthy, of
the neutron scattering interaction with the material on each side of a boundary between two
phases. In saturated cement pastes, the solid/pore surface area is almost entirely within the
calcium-silicate-hydrate gel (C-S-H), so the appropriate contrast value is that between C-S-H
and H,0. The C-S-H:HO contrast is difficult to calculate because of the variable compo-
sition and density of the C-S-H phase. In this work the recently proposed (8) values of 6.78
10?® m~*for the C-S-H:HO contrast and 1.7% 10°® m~* for C-S-D:D,0 were used. These
values give surface areas some 20% higher than those deduced from contrast values com-
monly used previously (1-3).

Correct determination of the SANS surface area from the raw scattering data depends on
three main factors. The data must be corrected for absorption and background scattering, and
correctly calibrated against a scattering standard; the correct scattering contrast must be used;
and an appropriate range @fvalues must be used for calculating the Porod constant. The
steps required to normalize the data are discussed elsewhere (1).

Choosing an appropriate range @f values to calculate the Porod constant is another
important aspect of the surface area calculation. If the lower lim@® @ too low, the data
does not all fall into the Porod regime and the resultihgand surface area will be too low.

While there is no theoretical upper limit on the Porod regime, the rapidly decre@sifig
Porod SANS intensity eventually makes it difficult to separate the signal from the back-
ground scattering.

Differences in the data calibration of completely independent SANS experiments can
result in estimated variations of up to 10% in the calculated Porod constant, while the various
calibration procedures in use at different SANS facilities may lead to variations of up to 20%.
One advantage of the experiments discussed here is that, except for the 30°C hydration
samples, all of the samples were hydrated under the same ambient conditions and all of the
data underwent the same calibration procedure.

(2)

Results

Selection of the Correct PorodQ-Range

For the SANS instrument configuration and counting times used for these experiments, the
upper limit of the reliable data was found to @e= 2.0 nm *. To determine the lower limit
of true Porod scattering, several minim@rnalues were tested. For each of th€seanges,
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TABLE 2
Porod constanty? value for thelQ* vs. Q* linear fit,
and slope of the log{BGD) vs. log@Q) linear fit,
for variousQ ranges of the data
from a 28-day-old OPC paste.

Q range (nm'%) Co (X 10°*m™9) X slope
1.1-2.0 48.56 8.44 —-3.34
1.2-2.0 57.85 5.16 —-3.57
1.3-2.0 68.95 2.45 —-3.82
1.4-2.0 75.78 2.01 —-3.97
1.5-2.0 78.34 2.17 —4.05

the quality of the linear fit to théQ* vs. Q* plot was determined by calculating tlyé value.
The lower the value of?, the better the fit.

Using a minimumQ that is not within the Porod range caus€do increase considerably.
For the samé&) ranges, the background-adjusted intensHgGD, was plotted as a function
of Q on a log-log plot, and the slopes of linear fits to these plots were also calculated. From
Eqg. 1 it can be seen that true Porod scattering predicts a slopé.dfhe slopes of the log-log
plots, together with the? values and the fitted Porod constants from the Porod plots, are
given in Table 2. The best interpretation of these results is that the Porod regime sgasts at
1.4 nm L. All the SANS surface areas reported here were therefore calculated using a
Q-range of 1.4-2.0 nm".

Effect of w/c on Surface Area

Table 3 lists the surface areas of the 28-day-old specimens made with different w/c. Column
1 gives the values in the standard SANS units of surface area per unit specimen volume
(m?/cm?). The surface area increases monotonically with w/c, except for the lowest wic of
0.35. Published nitrogen BET results have also indicated an increase in surface area with w/c
(9). BET surface areas are normalized to the mass of the specimen after D-drying, a process
which involves equilibrating ground cement paste to a water vapor pressureainbHg.

TABLE 3
Surface areas of cement A at different w/c, all at 28 days, along with the nitrogen BET
surface area values of Mikhail and Selim (9). Statistical standard uncertainties are listed
for each surface area value from this study.

Surface Area  Density of DDP Surface Area BET Surface Area
wic (m?cm®) (glcn?) (m?g DDP) wic (m?g DDP)
0.35 171.3- 6.3 1.784 96.0- 3.5 0.35 56.7
0.40 162.1+ 5.6 1.658 97.8- 3.4 0.40 79.4
0.45 163.2- 5.6 1.549 105.4- 3.6 0.50 97.3
0.50 177.9= 4.8 1.454 122.4+ 3.3 0.57 132.2
0.55 181.5+ 4.6 1.370 132.5- 34 0.70 139.6

0.60 188.9+ 5.1 1.296 145.8- 3.9
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TABLE 4
Surface areas of the different cements at 28 days and
at w/c = 0.40. Statistical standard uncertainties are
listed for each surface area value.

Surface Area Density of DDP Surface Area
Cement (m?/cmd) (glcn?) (m?/g DDP)
A (type 1) 162.1+ 5.6 1.658 97.8- 3.4
B (type I) 159.7+ 6.1 1.650 96.8- 3.7
C (type I) 167.9= 5.1 1.653 101.6- 3.1
D (type Il) 137.8+ 5.7 1.659 83.1- 3.4

To compare the current results to the BET results, it is first necessary to convert the SANS
values to surface per unit mass of D-dried pasté/@nDDP). To do this, the density of
28-day-old D-dried OPC paste at different w/c was calculated using a model that estimates
the volumes of the cement paste phases as a function of clinker composition, w/c, and age
(10). The estimated density of D-dried paste, the SANS surface area per gram of D-dried
paste, and the nitrogen BET results of Mikhail and Selim (9) also appear in Table 3. It should
be noted that the BET results were for mature OPC specimens (more than 6 months old). The
surface area of the lowest w/c specimen did not follow the trend; the reason for this is not
known.

The surface areas of the 5-year-old OPC specimens were 16Zarhfor the 0.4 wic
specimen and 216.4%cm? for the 0.5 w/c specimen. The first value is quite similar to the
28-day-old surface areas of the other 0.4 w/c specimens, while the 0.5 w/c value is
considerably higher than the 28-day value for the 0.5 w/c specimen listed in Table 3. This
suggests that at higher w/c the surface area continues to increase past 28 days of hydration.

Effect of Cement Batch on Surface Area

Table 4 lists the surface area values of the 28-day-old OPC specimens made from different
batches of OPC (see Table 1). These values are relatively constant, with the exception of the
type Il OPC (cement D), which has a somewhat lower surface area. Type Il OPC cements are
designed to react more slowly, and this was verified for cement D with thermal calorimetry.
The results shown in Table 4 strongly suggest that any large variations in SANS surface area
values for Type | OPC hydrated for 28 days cannot solely be caused by differences between
different OPC batch compositions.

Early Surface Area Development

Because the surface area and the heat evolution of a cement paste are both primarily due to
the reaction of the OPC clinker to form C-S-H gel, the evolution of surface area and the
evolution of heat should be related. Figure 2 shows the surface area and the total heat evolved
over the first 3 days of reaction for the OPGfHspecimen. The surface area development

is consistent with the heat evolution for the first 24 h or so, but then it levels off dramatically
while the heat evolution continues to increase. A leveling off of the SANS surface area after
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FIG. 2.
Surface area (solid circles) and heat evolved (line) for OBO/Et 30°C and w/c= 0.4.

an initial period of rapid increase has also been reported in previous work conducted at 20°C
).

Figure 3 shows a similar plot for the OPCG/D specimen. In this case, the surface area
development tracks the heat evolution throughout the 63 h for which there is surface area
data. Because the rate of reaction ig(Dis approximately three times slower than normal
hydration (see Fig. 1), it appears likely that the surface area development has not yet begun
to level off. The surface area at a given amount of heat evolution is lower for the QRC/D
paste, which is consistent with the slower reaction kinetics in t@ &stem, if it is assumed
that some of the activation energies for the hydration reactions are higher than igGhe H
system.

It should be noted that although plotting the surface area vs. the degree of hydration would
be quite useful, the latter is difficult to measure accurately because there are conflicting
published values for the $S/H,0O heat of hydration, and, more importantly, none at all for
C,;S/D,0. Further experiments involving hydration with,© would be useful.
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FIG. 3.
Surface area (solid circles) and heat evolved (line) for OBO/Bt 30°C and w/c= 0.4.
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TABLE 5
Surface area as a function of w/c, normalized to the
amount of initial pore space.

Surface Area Volume Fraction Surface Area (rhiper cnt
wic (m?cm?) H,O of open space)
0.35 171.3 0.528 324.6
0.40 162.1 0.561 289.0
0.45 163.2 0.590 276.8
0.50 177.9 0.615 289.2
0.55 181.5 0.637 284.7
0.60 188.9 0.657 287.4
Discussion

Because the density of cement paste decreases with increasing w/c, the effect of w/c on the
surface area is more dramatic when reported on the basis of dried paste (see Table 3). The
variation with w/c is somewhat larger for the BET results of Mikhail and Selim (9) than for
SANS, but this may be due to the greater degree of hydration of the BET specimens. Because
the degree of hydration of the paste at 28 days is not strongly affected by w/c, at least for the
range of w/c discussed here, these results suggest that the amount of space available for
reaction product to form is an important factor in determining the surface area. The volume
fraction of water in an as-mixed OPC paste is (ignoring entrapped air):

wi/c

(1/Dope + WIC) 3

whereDgpc is the density of the OPC clinker, 3.20 g/&nTable 5 lists the initial volume
fraction of water for the different w/c specimens, calculated using Eq. 3, and the resulting
normalized SANS surface area values. The SANS surface area per unit initial pore volume
is nearly constant, with the exception of the lowest w/c specimen. This indicates that the
amount of space available for reaction product is indeed an important factor in determining
the 28-day SANS surface area.

Taken together with the evolution of the surface area illustrated in Figure 2, the above
observation points to two different morphologies of C-S-H in cement paste: a high surface
area form which quickly fills the available pore space during the first few days of hydration,
and a low surface area form which predominates at later times. These may well correspond
to the so-called “outer-product” and “inner product” types of C-S-H. These results are also
in good agreement with microscopy studies (e.g., 11), which have identified several different
morphologies of C-S-H roughly corresponding to different times in the hydration reaction.

Itis interesting to note that reported small-angle X-ray scattering (SAXS) results (4) do not
show a leveling off of the surface area after a few days, but instead the surface area continues
to increase in approximate proportion to the heat evolution until hydration stops. On the other
hand, a nuclear-magnetic resonance (NMR) study (5) reported behavior in agreement with
the SANS results reported in this work and elsewhere, in that there was little or no increase
in surface area between 3 and 28 days. The issue of differences in the measured surface area
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of cement with different techniques is discussed in detail in a paper currently in preparation
(12).

Summary

The SANS surface area of 28-day-old OPC cement paste was found to increase with w/c in
direct proportion to t8he volume fraction of water. The surface areas of three different
batches of type | OPC prepared the same way were found to be quite consistent, while that
of a type Il OPC was approximately 15% lower. Thus, any large variations in SANS surface
area values are not likely to be caused solely by compositional differences in the cements
used. It should be noted that differences in sample processing, such as the amount of mixing
and the conditions under which the specimen is stored, may affect the SANS surface area,
and this will be the subject of future work.

The surface area evolution was monitored over the first 3 days of hydration at 30°C. The
surface area increased rapidly for the first 24 h, following the heat evolution, and then leveled
off. A parallel experiment conducted using,®@, which slows the reaction by a factor of
about three, showed the surface area increasing throughout the experiment, following the heat
evolution, and not leveling off within the first 3 days.

The above results can be interpreted as evidence for two different morphologies of C-S-H:
a high-surface area form which rapidly fills the available pore space during the early
hydration, and a low surface area form which predominates at later times.
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