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Abstract

The influence of both early and late heat treatments on the microstructure and on the hydration products of Portland cement mortars has
been investigated. The mortars were given either a 4-h or 28-day precure at 20 °C before heating at 90 °C for 12 h and were subsequently
stored in distilled water at 20 °C. The microstructure, studied by backscattered electron (BSE) imaging, shows the formation of distinct rims
of inner C-S-H with different grey levels during the different stages of the curing cycles. The grey levels and corresponding BSE coefficients
of these different rims were determined by image analysis and their chemical compositions by EDS microanalysis. It was found that the
compositions depend on the temperature and time at which the rims had developed. The lighter C-S-H formed at 90 °C was denser and
contained much more sulfate than the darker C-S-H formed at 20 °C, especially when the heat cure took place at early ages. The sulfate
incorporated within the lighter C-S-H was released gradually over time. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The use of heat curing is widespread in the precast
industry to accelerate strength development and thus allow
rapid production of concrete components. Such increases
in the early strengths and rate of hydration are associated
with a modification of the microstructure: they have a
coarser pore structure [1—4] and the rims of C-S-H formed
around the cement grains are brighter relative to pastes
cured at lower temperatures [2,5—8]. These rims of C-S-H
are usually referred to as “inner” C-S-H as they are
within the original boundaries of cement grains, as
opposed to the outer C-S-H gel formed in the initially
water-filled space [9].

This change in the inner C-S-H brightness was first
observed in backscattered electron (BSE) images by Kjell-
sen et al. [2,5] on pastes hydrated at 50 °C, which exhibited
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brighter and thicker rims of inner C-S-H than did pastes
hydrated at 5 or 20 °C. It was estimated that the thickness of
the C-S-H rims in 28-day-old pastes increased from 5 pm at
20 °C to 25 um at 80 °C [7].

In pastes hydrated at 80 °C and subsequently stored in
water at 20 °C, Scrivener [8] and Scrivener and Taylor [10]
observed cement grains surrounded by inner C-S-H of two
distinct grey levels (tones): a lighter C-S-H rim formed at
high temperature, inside which was a darker C-S-H rim
developed during subsequent storage at 20 °C. The analysis
totals of the lighter inner C-S-H were found to be higher
(74—-78%) than those of the darker inner C-S-H (57-64%)
in 35-day-old pastes.

Higher sulfate concentrations have also been widely
reported in C-S-H formed at temperatures above 60 °C
[4,10-12].

The aim of the work described here was to examine the
effect of precuring time before heating starts on the micro-
structure, analysis totals, BSE coefficients and chemical
composition of inner C-S-H formed in mortars subjected
to a short period of curing at 90 °C.
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1.1. Origins of grey level contrast in BSE images

The atomic number is the principal factor determining
grey level contrast in BSE images. More precisely, it has
been established that (in the absence of other effects) the
grey level is directly proportional to the backscatter coeffi-
cient m, which is related to the atomic number by the
empirical equation [13]:

1= —0.0254 +0.016Z—1.86x10742% + 8.3x 1072

When the specimen contains more than one element, the
backscatter coefficient n follows a simple rule of mixtures
based on mass fractions:

Nmixture = Zni Ci

where i denotes each constituent, 1; is the pure-element
backscatter coefficient, C; is the mass fraction and the
summation is taken over all constituents.

Consequently, the phases with the highest average atomic
number will have the highest backscatter coefficient and
will appear brightest in the image. Therefore, the typical
constituents of a mortar can be distinguished by their grey
values: anhydrous phases appear bright, calcium hydroxide
(CH) light grey, C-S-H grey and porosity black. When
phases are intermixed on a scale finer than the interaction
volume for the BSEs, these phases cannot be distinguished
in the image, where such regions have intermediate grey
levels. Therefore, the presence of other phases intermixed
with the analysed phase affects the backscatter coefficient.

Theoretically, the backscatter coefficient should not be
affected by the density with which the atoms are packed or
by microporosity where this is significantly finer than the
interaction volume. When the density is lower, the mean
free path of the incoming electrons will increase and BSEs
will be produced over a wider volume, but on average, the
total number of BSE should not change. However, it has
been found that microporosity does in fact affect the grey
levels observed in BSE images [8,14]. The reasons for this
are not well established, but it is probably related to the fact
that solid-state backscattered detectors, commonly used in
scanning electron microscopy (SEM), only detect the BSEs
generated over a certain solid angle close to the incoming
beam. Thus, if the same number of BSEs is generated over a
wider volume, less will be detected by the detector.

For C-S-H gel, the effective density or microporosity in
the high vacuum of the SEM will also depend on its water
content in the saturated state. In this paper, the term density
is used loosely to describe the combined effects of micro-
porosity and water content in the saturated state.

1.2. Factors affecting microanalysis totals
For microanalyses in which a constant beam current is

used and which are calibrated against standards, without
normalisation, the analysis totals correspond to the sum of

the elements detected. Even for thin-window or windowless
detectors, quantitative analysis for elements below sodium
is not very reliable, and the lighter elements are generally
excluded from the analysis. For phases containing oxides,
the amount of oxygen present is usually calculated by
stoichiometry and added to the analysis total. Therefore,
for cementitious materials, the principal origin of a shortfall
in analysis totals is the water and carbonate contents, as
hydrogen cannot be detected by X-ray microanalysis and
carbon cannot be quantified.

When microanalyses are performed on anhydrous cement
grains, the analysis totals are very close to the theoretical
100% value because such phases do not contain water.
Similarly, microanalyses of CH deposits give analysis totals
around the theoretical value of 76%, the difference from
100% resulting from water content. For C-S-H, values
around 76% are commonly obtained [6,8,14,15]. The deficit
of 24% is much more than can reasonably be attributed to
the water present in the C-S-H exposed to the high vacuum
of the instrument [14,16]. Consequently, it must be sup-
posed that the analysis totals for C-S-H are also affected by
the presence of microporosity, either that present in the
saturated state or that created by drying in the high vacuum.
Such an assumption is supported by the experimental
findings of Harrison et al. [14] and Kjellsen and Helsing
Atlassi [15]. A correlation between the analysis totals and
the local capillary porosity showed that the analysis totals
decreased as the local porosity increased [15]. The effects
may be due to retardation of the incident electrons by fields
resulting from internal charging on the surfaces of the pores
[14], but further investigations on their origin are required.

2. Experimental

The mortar specimens were prepared using an ordinary
Portland cement (65.5% CaO, 21.9% SiO,, 5.4% Al,Os;,
2.2% Fey05, 1.1% K50, 0.1% Na,O, 1.3% MgO, 3.9%
SOs3). The siliceous aggregate was the German Normensand
standard DIN EN 196-1. Mortar prisms were cast in
16 x 16 x 160-mm® moulds using a water/cement ratio of
0.5 and sand/cement ratio of 3. After casting, the mortar
specimens were given either a 4-h or 28-day precure
(Regimes 2 and 3, respectively, in Fig. 1). During the
precure, they were kept in the moulds in a saturated
atmosphere at 20 °C. The temperature was then increased
at a rate of 30—35 °C/h to 90 °C which was maintained for
12 h. At the end of the heat treatment, the prisms were
allowed to cool naturally to 20 °C over approximately 5 h.
They were then demoulded and subsequently stored in
distilled water at 20 °C. A mortar cured at 20 °C for 24 h
and subsequently demoulded and stored in water for 300
days served as a reference (Regime 1 in Fig. 1).

The specimens for examination were first freeze dried to
stop further hydration at selected times (Fig. 1). They were
then vacuum impregnated with epoxy-resin, lapped to a flat
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Fig. 1. Curing regimes applied to mortars: Regime 1 for 20 °C cure,
Regime 2 for 4-h precure followed by a 90 °C heating for 12 h and Regime
3 for 28-day precure followed by a 90 °C heating for 12 h. The triangle
symbols correspond to the time at which mortars were freeze dried to allow
SEM examination. The letters in brackets give the order at which
specimens are discussed.

surface with 9 um alumina and polished successively with 3,
1 and 1/4 pm diamond paste. A carbon coating was applied
to the polished sections for study by SEM using a JEOL
JSM 35-CF equipped with a solid-state BSE detector and
a PGT/IMIX energy dispersive X-ray (EDX) analyser.
The microscope was operated at an accelerating voltage of
15 kV. The EDX system had computer software allowing
ZAF corrections to be automatically performed, and micro-
analyses were standardised with suitable pure phases (e.g.
wollastonite for calcium and silicon). Analyses of pure
clinker phases (e.g. C5S and C3A) were made frequently
to check beam current and to verify the accuracy of the
calibration and computational procedures. Oxygen was
calculated by stoichiometry on the basis of the other
elements present.

BSE image analysis was used to determine the grey
values (brightness) of each type of C-S-H. The BSE
images contained 512 x 512 pixels with 256 grey levels.
For each image, a histogram representing the frequency of
pixels as a function of the grey level (0-255) was
generated. The histogram exhibits peaks corresponding to
the individual phases. The grey values of the C-S-H
products were calculated by interpolation between two
phases with known and distinct backscatter coefficients;
C3;S (from anhydrous cement grains) and quartz (from
aggregates) were selected.

The grey values for C;S, quartz and C-S-H were taken
as the maxima of their peaks in the histogram. As the
difference in the backscatter coefficients of C5S and quartz
is proportional to the difference in their grey values, the
difference in the backscatter coefficients of C;S and
C-S-H will be similarly proportional to the difference in
their grey values. This method was used for all the

specimens to calculate the backscatter coefficient of the
C-S-H products. Care must be taken when determining the
C-S-H grey value because of the diffuse boundaries
between the zones of C-S-H formed at different tempera-
tures and because (unlike C3S or quartz, which have
distinct grey levels) the C-S-H tends to have a range of
grey values due to its microporosity. When it was difficult
to differentiate the boundaries between the zones of C-S-H
formed at different temperatures, the histograms for smal-
ler arecas were plotted and studied as described above.
Values for 10 areas were averaged to calculate each of the
backscatter coefficients.

3. Results and discussion
3.1. Microstructural observations

3.1.1. 4 h at 20 °C (Point A, Fig. 1)

After 4 h of hydration at 20 °C, very little hydration
has occurred as indicated by the preponderance of
unreacted cement grains and the large degree of porosity
(Fig. 2). Very little inner C-S-H has started to form
around the anhydrous particles, although some outer
C-S-H gel has precipitated throughout the structure. It is
not possible to identify any ettringite crystals in the BSE
images, although a small peak was detected by X-ray
diffraction [12]. This suggests that, at this very early stage
of hydration, ettringite is embedded within C-S-H pro-
ducts as previously reported by Scrivener and Taylor [10]
and as observed by Scrivener [17] in TEM images of
young cement pastes. Masses of CH are observed
throughout the paste.

Fig. 2. BSE image of the mortar precured for 4 h at 20 °C (Point A, Fig. 1).
Very little hydration has occurred at this stage as indicated by the very thin
hydration rims starting to form around cement grains.
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Fig. 3. BSE image of the mortar precured for 28 days at 20 °C (Point B,
Fig. 1).

3.1.2. 28 days at 20 °C (Point B, Fig. 1)

After 28 days at 20 °C, the specimen displays the
characteristic microstructural features widely observed in
mortars cured at room temperature, with thick rims of
inner C-S-H surrounding the cement grains together with
masses of CH in the originally water occupied space
(Fig. 3). In some of the more porous areas, ettringite
crystals can be identified at higher magnifications.

3.1.3. 300 days at 20 °C (Point C, Fig. 1)

After 300 days at 20 °C, the microstructure is denser,
with less porosity (Fig. 4). The rims around the alite in
the cement grains are thicker and have a fairly even grey

Fig. 5. BSE image of the 4-h precured mortar directly after heating at 90 °C
(Point D, Fig. 1). Thick rims of inner C-S-H surround alite grains.

level. At higher magnifications, deposits of both ettringite
and calcium monosulfoaluminate were observed within
the structure.

3.1.4. Mortar precured for 4 h at 20 °C then heated at
90 °C for 12 h (Point D, Fig. 1)

Fig. 5 shows the microstructure of the mortar cured for
12 h at 90 °C after a 4-h precure at 20 °C. The accelerating
effect of temperature on the hydration reaction is apparent,
with C-S-H rims some 3—4 pm thick surrounding the
cement grains. The smallest cement grains have completely

Fig. 4. BSE image of the 20 °C cured mortar stored in water for 300 days
(Point C, Fig. 1). Thick one-tone rims of C-S-H have developed around
alite grains. Fully hydrated alite grains can be observed.

Fig. 6. BSE image of the 4-h precured mortar heated at 90 °C for 12 h and
subsequently stored in water for 200 days (Point E, Fig. 1). The alite grain
(a) is rimmed by two-tone inner C-S-H: the lighter (b) early C-S-H formed
at 90 °C and the post-cured darker C-S-H (c). (p) is a deposit of portlandite.
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Fig. 7. BSE image of the 4-h precured mortar heated at 90 °C for 12 h and
subsequently stored in water for 200 days (Point E, Fig. 1). Two-tone inner
C-S-H have formed (square). Ettringite is observed (ovals) in air voids,
cavities and also within the C,AF original boundaries.

hydrated to leave hollow shells of hydration products.
Deposits of calcium monosulfoaluminate infilling pores
could be found dispersed throughout the microstructure.
There was no sign of ettringite crystals, whose absence was
confirmed by X-ray diffraction and NMR studies reported
elsewhere [12].

3.1.5. Mortar precured for 4 h at 20 °C then heated at 90 °C
Jfor 12 h and subsequently stored in water for 200 days at
20 °C (Point E, Fig. 1)

In this specimen, the rims of C-S-H surrounding the
unhydrated cores of the cement grains exhibit two distinct

grey levels (Fig. 6). The exterior rim is lighter than the
darker interior one adjacent to the anhydrous cement core.
By comparison with the preceding specimen, it is clear
that the lighter C-S-H is that which was formed during
the period at elevated temperature (90 °C), while the
darker C-S-H has been formed during the subsequent
storage in water at 20 °C. This darker C-S-H is hereafter
referred to as post-cured darker C-S-H.

Some cement grains have totally reacted, leaving a rim
of lighter C-S-H filled with a core of post-cured darker
C-S-H (Fig. 7). Clusters of ettringite crystals are observed
within the structure (Fig. 7) instead of the calcium
monosulfoaluminate deposits detected directly after the
heat curing. They appear dark grey and have a cracked
aspect due to drying during specimen preparation. At this
stage, the paste is dense with a low porosity.

The microstructural development observed in the 4-h
precured mortars is schematically represented in Fig. 8.

3.1.6. Mortar precured for 28 days at 20 °C then heated
at 90 °C for 12 h (Point F, Fig. 1)

Around the larger cement grains, which had not com-
pletely hydrated at 28 days, a lighter rim of C-S-H has
formed at the higher temperature inside the darker one
already present after 28 days at 20 °C (Figs. 9 and 10).
Thus, two-tone rims have been formed in which the
contrast is the inverse of that observed in the rims formed
by early heat curing and subsequent moist storage at
20 °C. The darker C-S-H rim has first developed around
the alite grain during the 28 days at 20 °C and is defined
as the pre-cured darker C-S-H. The lighter C-S-H is
formed later, while the mortars are cured at 90 °C.

Some other plate-like crystals are observed in the paste
and identified as calcium monosulfoaluminate (Fig. 10). No
ettringite crystals are detected.

After heating at 90°C  After heating at 90°C

5

200 days in water

{43
‘g‘.

Alite

Lighter C-S-H
- Post-cured darker C-S-H

Outer product

a) but

a) 4 hour hydration at
20°C in a saturated
atmosphere, followed by
a heat treatment at 90°C,
forming the lighter inner
C-S-H rim.

b) Same
followed by a subsequent
storage at 20°C in water
for 200 days, forming
the innermost post-cured
darker C-S-H.

Fig. 8. Microstructural development of the two-tone C-S-H in the 4-h precured mortars.
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Fig. 9. High-magnification BSE image of the 28-day precured mortar
directly after heating at 90 °C for 12 h (Point F, Fig. 1). The pre-cured darker
C-S-H (a) and lighter C-S-H (b) rims have formed around an alite grain (c).
(p) is portlandite and (f) is remaining unreacted, interstitial ferrite phase.

3.1.7. Mortar precured for 28 days at 20 °C then heated at
90 °C for 12 h and subsequently stored in water for 300
days at 20 °C (Point G, Fig. 1)

After storage in water for 300 days, the alite of the
remaining reacted cement grains have further hydrated to
form an inner postcured darker C-S-H so that now three
types of C-S-H are observed in the largest cement grains.
The postcured darker C-S-H has developed inside the two
previously discussed rims of lighter and precured darker

Belite

L

Fig. 10. BSE image of the 28-day precured mortar heated at 90 °C for 12 h
(Point F, Fig. 1). A polymineralic clinker grain is shown containing ferrite
(very bright), alite and belite. The pre-cured darker (a) and lighter C-S-H (b)
rims are seen surrounding the alite grain calcium monosulfoaluminate was
also found (oval).

S c I ' l
_ D pM1CTON S

Fig. 11. BSE image of the 28-day precured mortar stored in water for 300
days (Point G, Fig. 1) showing the three rims of pre-cured (a), lighter (b)
and post-cured darker C-S-H (d) surrounding the alite grain.

C-S-H (Fig. 11). The postcured darker C-S-H appears
slightly darker than the precured darker C-S-H. Some
clusters of ettringite exhibiting a characteristic cracked
appearance are distributed within the paste. No calcium
monosulfoaluminate was observed.

The microstructural development observed in the heat
cured mortars, precured for 28 days, is shown schematically
in Fig. 12.

3.2. Microanalyses of the inner C-S-H products

The EDS microanalyses were carried out on the C-S-H
rims (pre-cured darker, lighter C-S-H and post-cured darker
rims). For statistical accuracy, about 25 point microanalyses
were acquired for each specimen, each in a distinct indivi-
dual rim.

3.2.1. Mortars cured at 20 °C (Points B and C, Fig. 1)

No microanalyses are reported for the mortars cured at
20 °C for only 4 h as the rims are much thinner than the
interaction volume for microanalyses at this age.

The S/Ca and Al/Ca atomic ratios of the inner C-S-H in
the mortar cured at 20 °C and subsequently stored for 28
days in a saturated atmosphere or in water for 300 days are
shown in Fig. 13. The microanalyses are spread over a large
range of S/Ca and Al/Ca values. Such variations suggest the
presence of other phases intimately mixed within the inner
C-S-H gel with a particle size too small to be resolved by the
microprobe (less than about 1 um). The microanalyses are
compatible with mixtures of C-S-H containing small
amounts of SOz and Al,O3 with ettringite, which has a
S/Ca ratio of 1.5, although a little calcium monosulfoalumi-
nate might also be present. Table 1 includes estimated values
of the atomic ratios of the C-S-H components. The Al/Ca
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Fig. 12. Microstructural development of the

ratios of the C-S-H (around 0.04) are similar to those found
by Richardson et al. [18]. The small decrease in the S/Ca and
Al/Ca ratios with time can possibly be attributed to a dilution
effect, because any increases in the amounts of available
SO,*~ and AI’" are small relative to that of C-S-H.

3.2.2. Lighter inner C-S-H in the 4-h and 28-day precured
mortars directly after heating and after subsequent storage
in water (Points D—G, Fig. 1)

After heating at 90 °C, the 4-h precured mortars give
lighter C-S-H with higher S/Ca ratios and, to a lesser
extent, higher Al/Ca ratios than the 28-day precured
mortars (Fig. 14).

275

After heating at
90°C
n wate.

R A Alite

D Lighter C-S-H
- Post-cured darker C-S-H
- Pre-cured darker C-S-H
;{m Outer product

¢) same as b) but
followed by a
subsequent storage in
water for 300 days,
formation of the
innermost post-cured
darker inner C-S-H.
The anhydrous phase
has completely
reacted.

three-tone C-S-H in the 28-day precured mortars.

During subsequent storage in water, the Al/Ca ratios of
the lighter C-S-H show only small changes (Fig. 14 and
Table 1). It has been shown by NMR and microanalyses in
the TEM that some Al is present in the C-S-H substituting Si
[12,18] and it is likely that this occurs in the lighter C-S-H.
The difference in charge between AI** and Si*' is most
probably balanced by a proton H'. The mean Al/Si ratio of
the inner C-S-H for all the mortars was 0.10 (Table 1), which
is similar to the values found by Richardson et al. [18].

A significant decrease in the S/Ca ratios of both mortars
occurs during subsequent storage in water. The loss of
sulfate from the lighter C-S-H is much faster in the 4-h
precured mortars than in the 28-day precured mortars.

010 Ettringite
S/Al=1.5
o, .
e,
B,y B
o B gg'.,nn =
] oF T [}
Q 0.05 - // Ef], (2]
w o »
L o
- ',& " o 28 days at 20°C
LI
= 300 days at 20°C
0.00 1 !
0.00 0.05 0.10
Al/Ca

Fig. 13. S/Ca atomic ratios vs. Al/Ca atomic ratios for the inner C-S-H of the 20 °C cured mortars stored 28 or 300 days without heat cure (Points B and C,

Fig. 1).
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Table 1

Atomic ratios, analysis totals (%) and BSE coefficients of the different-tone C-S-H before and after heating

Atomic ratios

In C-S-H per 1 Ca total

S/Ca Al/Ca Si/Ca AV/Si Ca Si/Ca Al/Ca (Si+Al)/Ca Analysis total (%) BSE coefficient
20 °C cured mortar
20 °C/28 days 0.050 0.045 0.494 0.129 0.950 - - - 67 0.139
20 °C/300 days 0.030 0.040 0.494 0.095 0.970 - - - 74 0.140
4 h (pre)/90 °C for 12 h
After heating (L) 0.070 0.061 0.468 0.121 0.930 0.503 0.066 0.569 80 0.143
200 days (L) 0.016 0.046 0.507 0.089 0.984 0.515 0.047 0.562 72 0.141
200 days (PostD) 0.006 0.053 0.543 0.097 0.994 0.546 0.053 0.600 60 0.132
28 days (pre)/90 °C for 12 h
After heating (PreD) 0.047 0.050 0.535 0.089 0.953 0.561 0.052 0.614 60 0.131
After heating (L) 0.056 0.050 0.513 0.092 0.944 0.543 0.053 0.596 80 0.142
300 days (PreD) 0.027 0.046 0.538 0.083 0.973 0.553 0.047 0.600 60 0.129
300 days (L) 0.039 0.047 0.509 0.088 0.961 0.530 0.049 0.579 73 0.140
300 days (PostD) 0.029 0.046 0.500 0.089 0.971 0.515 0.047 0.562 59 0.132

The numbers represent the mean value of at least 25 X-ray microanalyses with a standard error of 0.002 for the atomic ratios and BSE coefficients and 0.5% for
analysis totals. Abbreviations: L for lighter C-S-H, pre for precure, PreD for pre-cured darker C-S-H and PostD for post-cured darker C-S-H.

The EDS microanalyses do not give any information
about the nature of the interactions between sulfate and
lighter C-S-H. Earlier Kalousek [19] and later Copeland et
al. [20] suggested that SO, substituted for Si. However,
the easy release of sulfate from the lighter C-S-H during
subsequent storage indicates that the sulfate is unlikely to be
chemically bound in the lighter C-S-H structure but is either
adsorbed or absorbed. This conclusion agrees with that based
on studies of synthetized C-S-H or C5S pastes [21—-23]. The
decrease in S/Ca ratios after subsequent storage is asso-
ciated with an increase in the Si/Ca ratios (Table 1). This
suggests that sorbed SO,°~ is balanced by sorbed Ca”" in
the lighter C-S-H.

Knowing the Si/Ca, S/Ca and Al/Ca ratios of the C-S-H
and assuming that the C-S-H contains Si partly replaced by
Al and that sorbed SO, is charged balanced by sorbed
Ca®", it is possible to calculate the amounts of Ca integral to

|

i
Precured for 4h and
then heated at 90°C

S
0.05

7]
300 days in water

200 days in water

o ;8 o
0.00 }
0.00 0.05 0.10
Al/lCa

Fig. 14. S/Ca atomic ratios vs. Al/Ca atomic ratios for the lighter inner
C-S-H of the 4-h and 28-day precured mortars, after heating at 90 °C and
after a subsequent storage in water at 20 °C (Points D—G, Fig. 1).

the C-S-H structure (not present as CaSQ,). The Si/Ca and
Al/Ca ratios in the C-S-H can then be given relative to these
latter values (Table 1). The results suggest a mean (Si+ Al)/
Ca in the C-S-H approximately constant at 0.58 (Ca/
(Si+ Al)=1.71), which is similar to what is found in the
C-S-H of a C;S or C,S paste. This is also consistent with the
hypothesis that Al substitutes for Si in the C-S-H.

3.2.3. Post-cured darker inner C-S-H of the 4-h and 28-day
pre-cured mortars after subsequent storage in water (Points
E and G)

The post-cured darker C-S-H, formed after heating and
during subsequent storage at 20 °C, exhibited lower S/Ca
ratios than the lighter C-S-H (Table 1). This shows that even
after an extended period of storage in water, the content of
sulfate incorporated within the lighter C-S-H was still a key
discriminating parameter between the C-S-H formed at
90 °C and that formed at 20 °C. The former had a greater
affinity for sulfate than the latter.

3.3. Analysis totals and backscatter coefficients

It is important to note that the materials studied have all
been subject to dehydration occurring during freeze drying
and specimen preparation, resulting in increased micropo-
rosity and aconsequent decrease in the analysis totals (Table 1).

The plot of the BSE coefficients against analysis totals
shows a fairly high correlation (not necessary linear), which
suggests that both measure the same thing (Fig. 15). Three
groups may be distinguished on that plot:

1. Analysis totals of approximately 70% for the C-S-H in
the samples cured at 20 °C and for the lighter C-S-H
after storage in water at 20 °C.

2. Analysis totals of 80% for the lighter C-S-H formed at
90 °C and examined directly after heating.
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Fig. 15. BSE coefficients ( x 10) vs. analysis totals for the pre-cured, lighter
and post-cured darker C-S-H.

3. Analysis totals of 60% for the C-S-H formed on
28-day precure and then heated at 90 °C and also
the post-cured darker C-S-H developed on storage in
water at 20 °C after heating.

The analysis totals for the C-S-H of the samples cured at
20 °C and for the lighter C-S-H present after storage in
water at 20 °C are similar to those reported previously
[6,8,14,15]. As noted earlier, they are too low for the deficits
from 100% to be attributable purely to the water content.
For C-S-H as it exists in the high vacuum, this is probably
similar to that of D-dried sample of the same Ca/Si ratio [9].
The most probable composition is therefore approximately
1.7Ca0-Si0,-1.4H,0, for which the backscatter coefficient
would be 0.151 and the analysis total 86%. The micropo-
rosity that is indicated by the low total and the correspond-
ing backscatter coefficient presumably includes any that is
present in the undried or partly dried material but will be
augmented by that replacing the water that is lost during
specimen preparation and examination in the SEM.

The values of analysis totals for the lighter C-S-H
present directly after heating at 90 °C are higher than
those of the C-S-H in samples cured at 20 °C or for the
lighter C-S-H cured at 90 °C and subsequently stored at
20 °C, but they, too, are lower than those corresponding
to the formula 1.7Ca0-SiO,-1.4H,O. As noted earlier,
among the three parameters, which may affect analysis
totals, the presence of other phases intermixed within the
C-S-H on a submicrometre scale is one of them. If
intermixed phases were responsible, this should be related
to the sulfate content as this is the most significant
difference between the lighter C-S-H after heating and
the other inner C-S-H. The presence of sulfate could
contribute to the increased brightness. However, a S/Ca
ratio of 0.070 in the lighter C-S-H of the 4-h precured
mortars corresponds to an SOz content of 4.7% (wt) (out

of an analysis total of 80%), and such a small amount of
SO; would have increased the average backscatter coeffi-
cient by only 0.001, which would not have a noticeable
effect. Furthermore, the backscatter coefficients do not
correlate with the mean S/Ca ratios of the C-S-H
(Fig. 16), suggesting that the sulfate has a minimal effect.
This shows that the pore structure of the C-S-H formed at
90 °C and examined directly after heating differs from
that of the C-S-H cured at 20 °C. The water content of the
C-S-H as it exists in the SEM could be the same as in the
two cases, but there is less microporosity in the lighter
C-S-H formed at 90 °C. The lighter C-S-H may have
contained less microporosity before it was dried. In
addition, it probably contained less water before it was
dried, which would decrease the contribution to the
microporosity that occurred on drying.

The low analysis totals of the third group (60%) are
difficult to explain, especially for the post-cured darker
C-S-H formed on storage at 20 °C after heating. They
suggest a higher fine porosity, a higher amount of interlayer
space initially filled with water before sample preparation or
both. The reasons for the difference from the C-S-H formed
at 20 °C in non-heated mortars (74%) are, however, not clear.
The only other difference between the post-cured darker
C-S-H and the C-S-H in 20 °C cured mortars lies in their
microstructural context, i.e. the post-cured darker C-S-H is
surrounded by a rim of lighter C-S-H.

4. Relation to expansion

Linear expansion measurements were carried out in
parallel on the specimens. The results, reported elsewhere
[12,24], show that the 28-day precured mortars do not
expand following heat curing at 90 °C, whereas the 4-h
precured mortars do. The different expansive behaviours
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Fig. 16. BSE coefficients ( x 10) vs. mean S/Ca atomic ratios for the pre-
cured, lighter and post-cured darker C-S-H.
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can be explained by the different amounts of C-S-H formed
at 90 °C. Following the 28-day precure at 20 °C, most of the
C-S-H had formed at 20°C. Therefore, heat treatment has
less influence than in the mortars precured for only 4 h.

5. Conclusions

e The influence of an early and a late heat treatment at
90 °C on the microstructure and composition of inner
C-S-H products has been studied. Directly after the heat
cure, the BSE images of the 28-day precured mortars
exhibit residual alite grains rimmed with two-tone C-S-H:
a pre-cured darker C-S-H rim surrounding a lighter C-S-H
rim. The darker rim was developed during the precure for
28 days and the lighter formed at 90 °C. After subsequent
storage in water at 20 °C, the alite grains have been
further hydrated to a post-cured darker C-S-H and the
BSE images present a three-tone inner C-S-H. Thus, the
inner C-S-H products formed during precuring at 20 °C,
heat curing at 90 °C and subsequent storing at 20 °C can
be distinguished by their grey levels.

e EDS microanalyses have shown that the chemical
compositions of the different C-S-H rims depend mainly
on the temperature at which they were formed. The lighter
C-S-H, which was formed at 90 °C, can have a greater
affinity with respect to sulfate than the C-S-H developed
at 20 °C (pre or post-cured C-S-H products). During
subsequent storage at 20 °C, the release of sulfate from
the lighter C-S-H gel indicates that SO4>~ is not chemi-
cally bound in the C-S-H structure but may only be
sorbed and balanced by sorbed Ca®" in the C-S-H during
heat curing. The calculated (Si+ Al)/Ca ratios were con-
sistent with the assumption that A’ substitutes for Si*"
in the inner C-S-H (the difference in charge between AI*"
and Si*" probably being balanced by a proton H ™).

e A fairly good correlation was found between the
analysis totals and the backscatter coefficients. The differ-
ences in the analysis totals and in the backscatter coeffi-
cients of the C-S-H rims were found to be independent of
the sulfate level and probably give indications of relative
porosity and water content. However, more work is
needed to explain the influence of microporosity and
water contents on the analysis totals.
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