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Hardened ordinary Portland cement pastes of various ages have been examined by analytical 
transmission electron microscopy (TEM) and electron microprobe analysis (EMPA). The 
stability of the various hydrate phases in the electron microscope is discussed. Although all are 
subject to damage in varying degrees, even the least stable phase, AFt, can be recognized in 
relict form in the TEM. The basic framework of the microstructure and the differentiation into 
inner and outer hydration product are well-established at 24 h hydration. Although the 
dominant inner product formed within the boundaries of the original anhydrous grains is 
C-S-H gel, particles of AFt, AFm, Ca(OH)2, a magnesium-rich phase and an iron-rich phase 
are occasionally observed within the inner product. The Ca: Si ra'tio of the C-S-H gel 
determined by TEM shows significant variation from one region to another in a given paste. 
There is no relationship between the average Ca:Si ratio of the C-S-H and the maturity of the 
paste, although young pastes appear to show a bimodal distribution. Microanalysis by EMPA 
gives Ca:Si ratios in substantial agreement with those found by TEM but it is essentially 
impossible to obtain by EMPA analyses of outer product C-S-H without admixture of other 
phases, particularly sulphoaluminate phases. Despite the presence of small amounts of 
embedded phases as revealed by TEM, single-phase inner product C-S-H can be analysed by 
EMPA. The compositions of AFt and AFm phases have been obtained by TEM and the results 
do not require the substitution of silicon in the formulae. 

1. In t roduc t ion  
Electron microprobe analysis studies of flat and pol- 
ished sections of hardened cement pastes have made 
valuable contributions to the compositional charac- 
terization of hydration products (for example, [1-3]). 
When used to "map" the surface, the technique can 
also provide spatial information. However, because 
the X-ray spatial resolution in bulk specimens is poor, 
unseen inhomogeneities may contribute to the ana- 
lyses and so mislead the interpretation. In thin speci- 
mens the X-ray resolution is of the order of the probe 
size; this enables the identification and analysis in the 
transmission electron microscope (TEM) of features 
on a significantly sub-micrometre scale. Unfortu- 
nately, the complex multiphase nature of hydrated 
cements makes the preparation of thin specimens for 
TEM examination far from trivial, which is why until 
recently all TEM studies had been of synthetic hy- 
dration products or of ground and dispersed cement 
pastes [4-7]. Groves and co-workers [8-10] have 
successfully achieved the thinning of hardened cement 
pastes by the use of ion-beam milling, and by using a 
liquid-nitrogen-cooled cold stage to minimize thermal 
damage. This technique was adopted in the present 
work. This is a long process, often taking days rather 
than hours and the possibility of developing artefacts 
during the preparation must be considered. Clearly, 
the drying effect of the vacuum of the ion-beam thin- 

ning apparatus and carbon evaporation chamber is 
unavoidable, but as the microscope also operates at 
high vacuum it must be accepted that any observed 
morphologies correspond to a dry state. The pos- 
sibility of thermal damage during preparation is 
potentially more serious than if it occurred during 
observation in the microscope, as in the latter case the 
operator would probably have observed its effects, It 
is therefore essential to employ thinning rates of 
< 4 lam h-1 and to use a cooled stage. Rodger and 

Groves [11] examined a mature ordinary Portland 
cement (OPC) paste using TEM with microanalysis, 
identifying many of the main features, but they did not 
attempt to address the apparently contradictory re- 
sults reported in the literature for the compositions of 
the main hydration products (comprehensively dis- 
cussed by Taylor [12]). This paper presents such a 
study. 

2. Experimental procedure 
2.1. Materials 
A single batch of a Blue Circle (Northfleet) ordinary 
Portland cement was used throughout this work. Its 
oxide composition is shown in Table I. The tricalcium 
silicate (C3S) used in this work was prepared by the 
method used by Groves et al. [8]. 
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T A B L E  I Oxide composition (wt%) supplied with the Blue 
Circle Northfleet OPC 

Na/O 0.19 K/O 0.86 
MgO 1.33 CaO 65.90 
AI20 3 6.19 TiO/ 0.30 
SiO2 20.00 Mn203 0.06 
SO 3 2.65 Fe20 3 3.03 

2.2. Sample preparation 
The samples were prepared by mixing the required 
amounts of solids with de-ionized water at a water to 
solids ratio of 0.4. The resulting slurry was placed in 
plastic tubes which were then sealed in plastic bags 
before placing in cure baths set at 20 ~ Samples were 
removed from the cure baths at pre-determined times. 
For thermal analysis they were crushed, washed in 
propan-2-ol, filtered, and stored in a vacuum desic- 
cator prior to analysis. The specimen preparation 
techniques for electron microscopy are given below. 

2.3. Electron microprobe analysis 
The X-ray analysis of a bulk specimen was performed 
on a Cameca Camebax electron microprobe equipped 
with one energy dispersive (EDS) and two wavelength 
dispersive (WDS) detectors. Sections 2 mm long were 
cut from the cylinder of a 2 year old hydrated OPC 
and submerged in propan-2-ol before placing in a 
vacuum desiccator. One of the "dried" specimens was 
carefully polished down. Great care was taken to 
minimize preferential polishing of the hydrated 
phases; a flat, polished surface is essential for quantit- 
ative analysis as surface irregularities affect the matrix 
correction factors. 

The microprobe was operated at an accelerating 
voltage of 15 kV and probe current of 3 x 10 -s A. 
Charging effects were minimized by the application of 
a thin coating of carbon after the specimen had been 
polished. The X-ray mapping involved the simultan- 
eous analysis of ten elements (Na, Mg, A1, Si, S, K, Ca, 
Ti, Mn and Fe) for a total of 2500 analyses (50 x 50 
square; I ~tm increments). Iron and sodium were ana- 
lysed with the WDS detectors and the remaining eight 
by the EDS detector. Full ZAF corrections were 
applied on the University VAX computer. Oxygen 
was calculated by the difference. This produced 
incorrect absolute atom fractions but correct atom 
ratios. 

2.4. Transmission electron microscopy 
The specimens were polished down to 30 gm thickness 
and glued between 3 mm diameter nickel grids which 
had 2 mmx 1 mm central holes through which the 
sandwiched sample was exposed. They were then 
argon ion-beam milled until the centre of the exposed 
samples had thinned to a hole. Much of an approxim- 
ately 10 gm deep region around the holes was gen- 
erally electron transparent. Thinning was at rates of 
< 4 gm h-  ~ and included the use of a cooled stage to 

help minimize thermal damage. The specimens were 
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carbon coated in a high-vacuum evaporation cham- 
ber. The samples were examined in a Jeol 2000FX 
transmission electron microscope equipped with a 
Tracor Northern TN5500 X-ray microanalysis facil- 
ity. The EDS detector (beryllium window) had a high 
take-off angle which enabled analyses to be performed 
without tilting the specimen. This facilitated the col- 
lection of statistically relevant sets of data. The micro- 
scope was operated at 200 kV. 

In general, quantitative analysis of thin specimens 
can be achieved without recourse to complex correc- 
tion procedures; if the specimen is thin enough then 
absorbtion becomes negligible [13], and the analyses 
need only be corrected for the efficiency of collection. 
However, complications can arise when two or more 
elements of interest have very close K~ lines. This 
problem was encountered in this work where 
magnesium, aluminium and silicon were often simul- 
taneously present. The main effect was an under- 
estimation of the aluminium content. An empirical 
correction factor, which was derived to compensate 
for this, was found to be effective in improving the 
data over most of the compositions encountered. The 
standards used to derive the (K-ratio) factors to 
correct for the efficiency of collection included 
/~kermanite (Ca2MgSi2OT), Wollastonite (CaSiO3), 
C3A (Ca3A1206), anhydrite (CaSO4), K z S O  4 and 
C4AF. 

3. Results and discussion 
3.1. Microstructure 
3. 1.1. Reference structure 
During the hydration of tricalcium silicate, Ca(OH)2 
and two distinct calcium silicate hydrate gels are 
formed [8, 9]. These C-S H phases are designated as 
being either "inner" (Ip) or "outer" (Op) product. 
Inner product C-S-H forms within the boundary of 
the original particles and outer product C S-H forms 
in originally water-filled space. Calcium hydroxide 
also forms in the outer product region. As the silicate 
phases alite (impure C3S ) and belite (impute 13-C2S ) 
are the most abundant minerals in OPC, this scheme 
serves as a convenient reference structure for OPC- 
based hardened cement pastes. 

3. 1.2. Stability of hydration products in 
the TEM 

Many of tile phases commonly present in hardened 
cement pastes suffer thermal and irradiation damage 
during preparation and observation in the TEM. Be- 
cause the morphologies of all the common hydration 
products occurring in hardened OPC pastes are con- 
sidered in this paper, it is important to emphasize the 
use of standardized conditions of sample preparation 
and examination. Table II lists many of these phases 
and their relative stabilities when viewed under stand- 
ard conditions in the TEM. These conditions, which 
are given at the bottom of the table, correspond to 
those established as being most satisfactory for the 
rapid viewing of a hydrated Portland cement. It must 
be emphasized that for a more lingering examination a 



T A B L E  II Relative stability of hydration products during observation in TEM under s tandard conditions a 

Phase Approximate composition Decomposition 
temperature (~ 

Stability 

0 1 

Calcium silicate hydrate gel 

Outer product hydrate gel in 
OPC or C3S 
Inner product hydrate gel in 
OPC or C3S 
Outer product hydrate gel in 
GGBFS/5M KOH 
Calcium hydroxide 
Ettringite 

AFm 

Monosulphoaluminate  hydrate 

Mg-rich phase (hydrotalcite related) 

Gehlenite hydrate 

: , . ; : ; : : t ; ; l t , . , _  , . : . : . : . : . : . : . :  C-S-H pk ~ 130 !~W{~ii{~!{~:::::::::::::: 
variable 100 ---, 320 

C 1 7SHo pk ~ 125 WI~F"~!::::: 
100 --* 320 

Cx.TSH b pk ..~ 125 iiiiH!i!!i::i:: 
100 ---, 320 

CI.ISH c pk ~ 145 ! "~ !~ i~ !~ iF : : :  
100 --* 350 

Ca(OH)2 490 ~ 540 ~N'!W!V:.:'~!~!~'~.":::::: 

Impure 106 --* 136 ii:]:: 
Ca3AI206 - 3CaSO 4 - 32H20 

[Ca2(al, Fe) (OH)6 ] - X - y H 2 0  180 --* 205 iiiiii!iiiii 
X = OH, CO3, SO,,, etc. 

Ca3A12 O 6 -CaSO 4 . 12H20 200 iiiiiiiiiiii 

Mgl  _ xAlx(OH)2R~/7, " y H 2 0  
0.20 < x < 0.33 ~ 250 ~i~L:~:::::::::::: 
R = OH, CO3, SO4, etc. 

CaaA12SiO7 "8H20 180 I[HHIHiI[ 

a Accelerating voltage 200 kV; LaB 6 filament; medium large spot size (2); medium condenser aperture (about 50 gm); medium objective 
aperture; magnification x 21 000; beam defocused to two-thirds the limit of the field of view. 

smaller spot size and greater beam defocus are essen- 
tial. The stability is defined as being the relative dwell 
time that a phase can endure in the centre of the field 
of view before noticeable damage occurs. The scale is 
set for convenience from 0-1, and the relative posi- 
tions would probably not vary much between micro- 
scopes operated under similar conditions (and by the 
same operator as this is based on observational judge2 
ment). 0 corresponds to instantaneous damage on 
moving into the field of view, as is indeed occasionally 
observed; however, most phases this susceptible would 
generally already have suffered extensive damage dur- 
ing preparation, for example AFt phases. 1 is less easy 
to define quantitatively, but in this work probably 
corresponded to a dwell time of around 60 s. The 
lighter shading is used where a phase can display 
marked variation. Peak decomposition temperatures, 
as recorded using DSC, are also listed in the table for 
the purpose of comparison with the relative stabilities. 
As the table indicates, in a neat OPC paste the Ip 
C-S H is less stable than the Op C S H. In practice, 
this manifests itself as a coarsening of the C - S - H  
structure. This is illustrated in Fig. la and lb. These 
micrographs are of an inner product region in a 
mature hardened Portland cement paste (20 ~ W/C 
= 0.5). The lath-like features in the centre of the 

micrographs are probably a C4AH x type phase. The 
presence of phases other than C-S H within the inner 
product region is considered later. Fig. la was taken 
soon after bringing the area into the field of view. The 
C-S H has a compact, homogeneous, fine-scale struc- 
ture. On further observation under "standard condi- 
tions" (see Table II), the structure rapidly coarsened, 
the micrograph in Fig. lb being taken only around 
15 s after the first exposure. The amount of damage 
suffered in this very short time is sharply evident. It 
must also be noted that the structure in Fig. la may be 

coarser than in an undisturbed hydrating paste, as 
TEM samples undergo partial dehydration during 
preparation. The use of a cold stage during ion-beam 
milling is essential for hardened OPC pastes to mini- 
mize thermal damage. When considering whether the 
morphology of C S-H just brought into the field of 
view may have sustained avoidable damage, one must 
not only consider the sample preparation technique or 
whether the area has been previously examined, but 
also how the beam had been manipulated over the 
specimen. For  example, damage can occur over an 
extensive area if the beam current is initially turned up 
at low magnification with a large spot size and poorly 
defocused electron beam. 

3. 1.3. Microstructure after 24 h hydration 
and its development on further 
reaction 

It is inherent in the ion-beam milling technique that 
the sample is sufficiently coherent to allow thinning 
without large areas simply dropping out. As a con- 
sequence the youngest pastes to be thinned over a large 
enough area to hopefully be a reasonable representa- 
tion of the bulk specimen (and to allow as statistically 
significant a number of X-ray analyses as possible to 
be made of both Ip and Op C-S-H)  had been hy- 
drated for 24 h (20 ~ W/C = 0.4). The microstructure 
of younger samples is at present best studied by the 
secondary electron imaging (SEI) of fracture surfaces. 
The difficulty in preparing TEM specimens of young 
pastes, and problems associated with other electron 
microscopy techniques, renders the direct acquisition 
of reliable compositional information on early-stage 
hydrates almost impossible on a routine basis with the 
instrumentation currently available. However, the 
resin impregnation of samples, as adopted by 
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3. 1.4. Hydrated phases within the outer 
product region 

The outer product region contains four major phases; 
C-S H gel, Ca(OH)2, AFm and AFt. Of these, the 
C - S - H  gel and Ca(OH)2 are by far the most abund- 
ant. As in C3S pastes, the morphology of Op C - S - H  
seems to be a function of space constraint: where it 
forms in large pore spaces, it exhibits a fibrillar, 
directional character, with a high aspect ratio; in 
smaller spaces, it retains a directional aspect but forms 
in a more space-efficient manner. Again as in hardened 
C3S pastes, calcium hydroxide typically occurs in the 
outer product as massive crystals, often many micro- 
metres in length. Bonding with Op C - S - H  is generally 
excellent, except when the interface is parallel to the 
basal plane of the Ca(OH)2. In such circumstances, as 
in C3S pastes, a thin layer of C-S H forms along the 
crystal surface parallel to the basal plane, and the bulk 
fine-fibrillar C - S - H  is bonded to this. 

The high (AFt) and low (AFm) sulphate-bearing 
aluminate hydrate phases vary in relative abundance 
depending upon the degree of hydration, the (alumi- 
hate + aluminoferrite): sulphate ratio, the form of the 
sulphate in the cement, and many other factors. AFm 
is present in mature pastes as large irregular plates 
which on appearance alone can easily be mistaken for 
Ca(OH)2, although they are more unstable in the 

Figure 1 Transmission electron micrographs of an inner product 
region in a mature hardened Portland cement paste taken (a) soon 
after bringing the area into the field of view, and (b) ~ 15 s after the 
first exposure. 

Dalgleish and co-workers [-14, 15] may go some way 
towards overcoming these obstacles. 

A substantial degree of reaction is achieved during 
the first 24 h hydration (at normal temperatures and 
W/C ratios) and the reference microstructure is al- 
ready well-established by this time. However, the 
outer product region is still very open and is often 
occupied by large quantities of AFt crystals, which are 
highly hydrated and readily decompose during sample 
preparation. These points render the production of 
TEM specimens difficult, and the resulting micro- 
structure "messy" for TEM examination. Neverthe- 
less, large areas of both coarse and fine fibrillar Op 
C-S H are often observed, as are extensive regions of 
Ip C - S - H  with the familiar homogeneous fine-scale 
morphology. Ca(OH)2 crystals are a common feature 
in the outer product region and are, as in C3S pastes, 
often well-bonded with fine-fibrillar Op C-S-H.  Al- 
though considerable further reaction and microstruc- 
tural development occurs after ~ 24 h, and at a 
slower rate, the main microstructural features are 
maintained. These features gradually develop as reac- 
tion proceeds: the outer product regions between the 
original cement grains continue to fill in with C - S - H  
gel and calcium hydroxide; areas of Ip C - S - H  extend 
as the larger alite grains continue, and the belite starts 
to react; large plates of AFm form at the expense of 
AFt, although AFt may sometimes persist indefinitely. 
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Figure 2(a) Transmission electron micrograph and (b) schematic 
diagram showing Ca(OH)2, fine fibrillar C-S-H, AFm plates and 
AFt relicts in the outer product region of a paste hydrated for 3 
months (W/C = 0.4, 20 ~ 



TEM and rapidly lose crystallinity. Aft occurs as thin 
hexagonal prism needles, up to 10 lain long. Both 
phases are present in Fig. 2a. Their positions are 
indicated on the schematic diagram accompanying the 
micrograph (Fig. 2b). EDXA confirmed the plate-like 
crystals to be a low-sulphur AFm. The two small 
features are cross-sections through AFt needles (the 
composition was confirmed by EDXA to be that of 
AFt). It would appear that the AFt crystals had 
shrunk during sample preparation leaving relicts and 
an outline in the C-S-H of their original shapes. In 
some areas the hexagonal nature of AFt can be seen in 
the impressions left in the surrounding C-S-H. 

3. 1.5. Hydrated phases within the inner 
product region 

Inner product regions in mature OPC pastes most 
commonly consist of single-phase C-S H, which has 
the same compact, fine-scale and homogeneous mor- 
phology as the Ip C-S-H present in hardened C3 S 
pastes. Another characteristic of C3S pastes, is the 
presence of small hydrated grains with an unusually 
coarse Ip C-S-H containing substantial porosity, and 
surrounded by a zone of relatively dense C-S-H. 
Indeed, this appears to be a feature of small hydrated 
particles in general, whether of C3S, in OPC, or of slag 
particles or fuel-ash particles in a blended paste [16]. 
This feature may have implications for the design of 
low-permeability cements. Examples of these grains 
occurring in an OPC paste are shown in Fig. 3. 
Although the Ip C S-H in these grains tends to have a 
lower than average Ca:Si atom ratio (i.e. < 1.75), it is 
by no means a rule, as this example shows; the right- 
hand grain has a Ca:Si ratio of 1.58 and the left-hand 
grain a ratio of 1.80. The Op C-S H close to the left- 
hand grain has a ratio of 1.81, which is similar to that 
of the Ip C S-H. The similarity between the Ca:Si 
ratio of Ip C-S-H and adjacent Op C-S H is a 
common observation. 

The bonding between Ip and Op C S-H is gen- 
erally excellent, with an often poorly defined interface. 
This is illustrated in Fig. 4a, a transmission electron 
micrograph with both inner and outer product re- 
gions, and Fig. 4b, a schematic representation of the 
area. The interface in the top left-hand quarter ap- 
pears at first glance to be well defined, but on exam- 
ination the Ip C-S-H seems to extend some hundreds 
of nanometres past the boundary. The interface on the 
right-hand side of the micrograph is even more con- 
fused, and interpretation is hindered by the presence of 
AFt relicts within the interface region. A problem in 
defining the interface is that the Op C-S-H tends to 
radiate into the outer product region in a fan-like 
manner from relatively small areas. The C-S-H at 
these points of "nucleation" thus tends to be fairly 
dense and apparently without directionality, ren- 
dering it morphologically indistinguishable from the 
Ip C-S H. This "blurring" region may extend over 
several hundred nanometres. 

Although C-S-H was the most abundant inner 
product hydrate, a common characteristic of the OPC 
pastes examined during this study was the presence of 

Figure 3 Transmission electron micrograph showing small, fully 
hydrated grains with coarse, foil-like Ip C-S-H, in a paste hydrated 
for 3 months (W/C = 0.4, 20 ~ 

phases other than C-S-H within the inner product 
region. These included all the major phases (i.e. AFt, 
AFro, Ca(OH)2) and some minor phases (magnesium- 
and iron-rich phases). Evidence for the presence of 
AFt has already been noted with Fig. 4, and was 
observed as early as 7 days. However, clusters of AFt 
within the inner product have also occasionally been 
observed, but only in the more mature pastes ( ~ 12 
months). Thinning often sections the AFt needles, the 
damaged relicts leaving a roughly hexagonal impres- 
sion in the surrounding C S-H, whether inner or 
outer product (an example in the Op C-S-H is shown 
in the top right-hand corner of Fig. 4a). When thin- 
ning occurs along the length of the needle, the AFt 
relicts appear as in Fig. 5. The AFt relicts run down 
the middle of the features, leaving impressions of their 
undamaged shapes. If the C S-H around a more 
stable phase damaged during preparation or under the 
influence of the electron beam, then this second phase 
may remain intact; however, if C-S H containing the 
impressions of an already damaged phase were to 
coarsen, this would then also affect the relict. This fact 
would seem to suggest that the observed Ip C-S-H 
morphology, although in a "dried" state, is a good 
representation of its true structure. 

A third phase, more stable than the AFt, is also 
present in Fig. 5 (in the top right-hand corner). This 
particular crystal is a magnesium-rich phase, but from 
appearance and stability alone it could easily be taken 
to be of the AFm family, crystals of which have also 
been observed in this study to occur within the inner 
product region. Fig. 6 shows a large region of Ip 
C-S-H which possesses several of the magnesium-rich 
crystals. The formation of such phases within Ip 
C-S-H implies a through-solution mechanism for the 
formation of inner product. 

Calcium hydroxide is generally associated with 
outer product regions. Fig. 7 shows the interface 
between Ip C-S-H and a crystal of Ca(OH)2 growing 
in the outer product region. The bond appears to be 
very good. It was stated earlier that Ca(OH)2 has been 
observed in this study intermixed with Ip C-S-H. 
Indeed, it has been observed in samples ranging from 
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Figure 6 Transmission electron micrograph showing Mg, Al-rich 
laths in a large inner product region in a mature OPC paste. 

Figure 4(a) Transmission electron micrograph and (b) schematic 
diagram showing an inner/outer product interface region in a paste 
hydrated for 3 months (W/C = 0.4, 20 ~ 

Figure 7 Transmission electron micrograph showing an interface 
between a Ca(OH)z crystal in the outer product, and inner product 
C-S-H. 

contribution to the analyses (the Ca(OH)2 was identi- 
fied by EDXA and electron diffraction). 

Figure 5 Transmission electron micrograph showing AFt relicts in 
a large inner product region in a mature OPC paste. 

24 h 31 years old. It is probably not a major feature of 
inner product regions, but is common enough to be 
easily found in a standard TEM specimen. It also 
occurs over a range of dimensions; from quite small, 
as in Fig. 8, to several micrometres. It is notable that 
the C-S H adjacent to Ca(OH)2 nearly always has a 
Ca:Si ratio greater than the mean value (i.e. > 1.75). 
As a result of the care taken in these measurements, it 
is unlikely that the Ca(OH)2 itself made any significant 

270 

3.2. Microanalysis 
3.2. 1. Chemical composition of C-S-H 

gek TEM results 
Table III shows the mean Ca: Si ratios of both Ip and 
Op C S-H in hardened OPC pastes of between 1 day 
and 3�89 years age (20 ~ W/C = 0.4). All analysed 
regions appeared on visual examination to be single- 
phase C - S - H  but were checked by selected-area dif- 
fraction to ensure the absence of crystalline phases. 

All analysed inner product regions were from differ- 
ent grains except in Sample 1 year 1, which were all 
from one large grain. Before comparing the results at 
different ages, it is worthwhile first considering the 1 
year old samples. Six TEM specimens were examined 
for this age. On inspection it is evident that there is 
significant variability in mean Ca : Si ratio. In all cases 
the ratio for the Ip C-S H is higher than that for the 
Op C-S-H,  with the standard deviation lower in all 
but one sample for the outer product. The difference 
between the values for the two regions is also variable, 
e.g. narrower in Samples 2 and 3 than in Sample 5. 



Figure 8 Transmission electron micrograph showing small 
Ca(OH)2 crystals embedded in {nner product C-S-H.  

T A B L E  II I  Ca:Si atom ratios in hardened OPC pastes. W/C 
= 0.4, 20 ~ 

Inner C-S H Outer C - S - H  

x 4- cr (n) x + ~ (n) 

1 day 1.86 _+ 0.21 (21) 1.57 4- 0.25 (12) 
1 week 1.65 4- 0.21 (27) 1.69 + 0.16 (24) 
3 months 1.73 _+ 0.15 (19) 1.73 4- 0.13 (20) 
1 year 1 1.90 _+ 0.17 (27) 1.72 4- 0.07 (4) 
1 year 2 1.65 4- 0.17 (15) 1.61 4- 0.16 (14) 
1 year a 1.80 4- 0.17 (31) 1.76 _+ 0.12 (27) 
1 year 4 1.84 _+ 0.19 (28) 1.75 4- 0.12 (31) 
1 year s 1.87 4- 0.17 (14) 1.62 4- 0.14 (12) 
1 year 6 1.77 4- 0.14 (15) 1.61 4- 0.22 (12) 
2 years 1.89 4- 0.12 (21) 1.87 _+ 0.08 (22) 
3{ years 1.75 4- 0.15 (26) 1.74 4- 0.10 (25) 

Rayment and co-workers [1, 17] have reported ana- 
lyses of C-S-H in hardened cement pastes displaying 
a bimodal Ca: Si ratio distribution. This characteristic 
is prevalent in many of the present samples. Fig. 9a 
and b show the frequency distributions for Samples 1 
and 4, respectively. Fig. 9b illustrates the wide vari- 
ation in composition for both Op C-S-H and Ip 
C-S-H from different grains. As all inner product 
analyses in Sample 1 were from the same grain, Fig. 9a 
indicates that the variation is also intra-grain. Fig. 9c 
shows the normalized frequency curve for the com- 
bined data of Samples 1, 3, 4, 5 and 6, that is, from 
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Figure9 Ca:Si atom ratio frequency histograms for both Ip and 
Op C S H present in the 1 year old pastes in Table III, (a) Sample 1, 
(b) Sample 4, and (c) the combined data of Samples 1, 3, 4, 5 and 6. 

different regions of the 1 year old sample, in which a 
bimodal distribution is not evident. This could be 
interpreted as being due to summing distributiofis 
which are themselves bimodal but at slightly different 
Ca:Si ratios. This interpretation is supported by con- 
sidering analyses of mature hardened C3S pastes (Fig. 
10) and older OPC data, Fig. 1 le (2 years), which have 
similar statistics but display no pronounced bi- 
modularity, and also, younger OPC data which do 
display bimodal characteristics, Fig. 1 l a d .  All ana- 
lyses were performed using the same standardized 
technique, so it seems most probable that the steady 
trend of increasing bimodularity with decreasing age 
is a real feature. This observation is consistent with the 
view that C-S-H tends towards a compositional equi- 
librium, and the idea that C S-H is composed of an 
intimate mix of calcium silicate compositional units 
whose Ca:Si ratio can vary with silicate chain length 
[7, 18, 19]. The mean Ca:Si ratio values for the 1 
week, 3 months, 2 and 3�89 year old OPC pastes all have 
very similar values for both Ip and Op C-S-H, al- 
though the ratio is generally, lower in the outer prod- 
uct, which also has a smaller standard deviation. 
There is no relationship between Ca:Si ratio and 
maturity of paste, so any differences would seem to be 
due to compositional variability within the paste. This 
is reflected in the variability evident between the 1 year 
old samples. 
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Figure 10 Ca:Si atom ratio frequency histograms for C-S-H in 
hardened tricalcium silicate pastes. (a) 3�89 years, Op C-S-H, n = 32; 
(b) 3�89 years, Ip C-S-H, n = 33; (c) 26 years, Ip C S-H, n = 31. 

The C - S - H  present in O P C  pastes may contain 
small amounts  of minor elements. Aluminium is gen- 
erally considered the most significant substituent. Un- 
fortunately, the restraints placed on the EDXA tech- 
nique by the beam-sensitive nature of C - S - H  gel and 
the close proximity of  A1K~ and SiK~ lines, causes 
problems in establishing the true levels of aluminium 
in C - S - H  phases. 

It is notable that only a small fraction of the total 
number  of analyses collected for each paste recorded 
the presence of aluminium. Clearly the mean of all 
values would be dramatically reduced if all the other 
analyses were taken as having zero aluminium. How- 
ever, aluminium was often observed on the EDXA 
spectrum when it had not been detected by the peak 
stripping program (generally because of interference 
from the silicon peak and not through lack of stat- 
istics). As an indication of the true mean AI:Ca ratio, 
for a set of data for both the 1 and 2 year old pastes, 
such analyses were recorded and were given a value 
equal to {(0.1471)7 x M g ) +  (0.07603 x Si)}. This was 
derived by outputting the unprocessed counts from 
each energy channel contributing to the K~ peaks of 
magnesium, aluminium, silicon and calcium, subtract- 
ing an estimated level for background counts, sum- 
ming the channels for each peak, and then comparing 
this value with the program-derived integrated value. 
This process was repeated for two analyses with differ- 
ent Mg:A1 ratios. The results of the manual  processing 
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Figure 11 Ca:Si atom ratio frequency histograms for both Ip and 
Op C-S-H present in OPC pastes hydrated for various times. (a) 
1 day, n = 32; (b) 1 week, n = 51; (c) 3 months, n = 39; (d) 1 year, 
n = 58; (e) 2 years, n = 46. 

were within 2% of the program-derived values for 
magnesium, silicon and calcium but ~ 100% greater 
for aluminium. The contributions from magnesium 
and silicon in reducing the program-derived alumi- 
nium count (by peak overlaps) were then calculated by 
simultaneous equations to give the relationship for the 
corrected aluminium count 

Corrected AI = [A1 + (0.14707 x Mg) 
+ (0.076 03 x Si)] (1) 



This simple correction is effective in improving the 
aluminium counts so that there is good agreement 
between TEM and EMPA data; this is more effectively 
demonstrated in another paper [20]. The correction is 
only valid, however, over a fairly restricted range of 
composition and using the short analysis times (and 
therefore low total counts) imposed by the poor stabil- 
ity of the hydration products. 

The results of applying this correction to the mature 
OPC pastes mentioned, are summarized in Table IV. 
The mean A1: Ca ratios of the analyses detected by the 
program give the impression that aluminium is pre- 
sent in Ip and Op C-S-H in similar quantities, but it is 
apparent from the difference in the number of analyses 
where aluminium was detected (Table IV) that this 
may not be the case, and that the Op C-S-H may have 
a higher mean AI:Ca ratio. 

All the TEM analyses of C-S-H are regarded as 
having been of single-phase C-S-H, with the presence 
of other phases excluded. The presence of second 
phases on a fine, but observable scale, has also been 
demonstrated. If the detected levels of aluminium were 
due to the intimate mixing of AFm-type layers with 
calcium silicate layers within the C-S-H on a scale too 
fine to be distinguished, then the AI:Ca ratio would 
increase with increasing Ca:Si ratio. Equally, if one 
gradually replaced the silicon with aluminium in a 
C-S-H of fixed Ca:Si ratio, then the AI:Ca ratio 
would also increase as the Ca:Si ratio increased. 
However, if one imagines a series of C-S H phases 
with a range of Ca:Si ratios, then the replacement of 
the same fraction of silicon atoms with aluminium in 
each phase would result in a series where the AI:Ca 
ratio increased as the Ca:Si ratio reduced. This is the 
observed trend for the C-S-H in mature neat OPC 
pastes, Fig. 12, and for the Op C-S-H in hardened 
blast-furnace slag/OPC blends (slag fraction 0-1) [20], 
and indicates that the aluminium is indeed probably 
replacing a fraction of the silicon in the C-S-H gel. 
This is considered later with respect to EMPA bulk 
analyses. Other minor elements regularly detected 
within both Ip and Op C-S-H include iron and 
sulphur. Neither the Fe:Ca or S:Ca ratios displayed 
any discernable relationship with the Ca:Si ratio of 
the C-S-H, though they both showed a slight tend- 
ency to decrease with increasing calcium counts. This 
is associated with the very low X-ray counts involved 
with the minor elements. 

Although this renders quantification of the data 
difficult, it is notable that the samples with the highest 

T A B L E  IV AI:Ca a tom ratios in hardened O P C  pastes. W/C 
= 0.4, 20 ~ 

Inner C - S - H  Outer  C - S - H  

x + t y  % t o t  x + c r  % t o t  

A1 detected by 
program only 0.076 _ 0.012 14 0.082 + 0.012 43 
AI detected by 
program and 
visually 0.062 + 0.012 54 0.075 + 0.015 69 
All analyses 0.033 + 0.032 100 0.052 + 0.037 100 
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Figure 12 AI : Ca a tom ratio against Si: Ca atom ratio for C - S - H  in 
hardened OPC pastes: 

number of analyses detecting iron or sulphur as a 
proportion of the total number, are not the same for 
the two elements. Although, as for aluminium, the 
presence of these elements was sometimes observed on 
the spectrum when not detected by the peak stripping 
program, unlike for aluminium this was due to poor 
statistics and so it was not possible to make any 
empirically determined correction. A characteristic of 
Ip C-S-H is its retention of magnesium. On n o  occa- 
sion was magnesium ever detected by TEM in the 
outer product region of hardened OPC pastes. 

3.2.2. Chemical composition of C-S-H 
gel." microprobe results 

Bulk compositional information was obtained for a 
mature hardened OPC paste by the EMPA mapping 
technique. As both inner and outer regions are of 
interest, the area chosen for analysis was centred 
around a partially reacted Mite grain. An examination 
of the elemental maps, especially a comparison be- 
tween those of magnesium and Ca:Si ratio, noting 
that magnesium was not detected in the outer product 
region by TEM, readily reveals the Ip C-S-H regions. 
The magnesium originally present in the anhydrous 
Mite, as suggested by Taylor and Newbury [2], does 
not migrate away from the inner product region dur- 
ing hydration, and as such can be regarded as a 
chemical marker for the boundary of the original 
grain. 

The criteria used to determine which analyses cor- 
responded to inner and outer product C-S-H were as 
follows. 

1. After the subtraction of empirically determined 
noise levels, Ip C-S-H was regarded as having 
Mg > 0 and Op C-S-H as having Mg -- 0. 
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T A B L E  V Percentage ofTEM C S H analyses with Ca:Si atom T A B L E  VI X:Ca atom ratios of inner product C-S-H in OPC 
ratio > 2 determined by EMPA mapping, n = 606 

All C-S-H Outer C-S-H Inner C-S-H 
12 4 19 

2. With reference to Table V, it was decided that a 
cut-off excluding analyses with a Ca:Si atom ratio 
> 2 was a reasonable compromise between excluding 

too many Ip C - S - H  analyses and including mixtures 
of Op C - S - H  and Ca(OH)2. 

3. The upper limit for (A1 + Fe):Ca ratio was 
simply derived by applying criteria 1 and 2. 

The criteria appeared to include all the regions 
expected on visual examination to be inner product. 
The sulphur-rich analyses were always associated with 
high aluminium, but other aluminium-rich analyses 
existed. The former were concentrated in a few groups 
around the edges of the region, which were associated 
with similar analyses in the near-interface Op C S H 
and may well correspond to the inclusion of AFt 
crystals in the analysis volume as observed by TEM. 
The latter mostly occupied other near-interface posi- 
tions although some were evident in the body of the 
region. These may be associated with small C4AHx- 
type or magnesium, aluminium-rich precipitates 
which have been observed by TEM in the inner 
product. Iron was present throughout the region, but 
did not appear to be particularly associated with 
either aluminium or sulphur. Iron also occurred in 
some of the areas high in sulphur. 

The mean X:Ca ratios for each element, and the 
Ca:Si ratio, for both Ip and Op C - S - H  analyses are 
given in Tables VI and VII. The Ca:Si ratio is higher 
in the outer product, as are the A1: Ca and S: Ca ratios. 
The Fe: Ca ratio is the same for both C - S - H  gels. The 
alkalis sodium and potassium, are present only as 
trace elements, probably deposited from the pore 
solution during drying. Magnesium is, by definition, 
only in the IP C-S-H.  Titanium and manganese are 
essentially absent. 

The inner and outer product data were sorted into 
the classes used for the TEM data to facilitate com- 
parison. Fig. 13a shows the variation in AI:Ca, Fe:Ca, 
S:Ca and Mg:Ca atom ratios with Ca:Si atom ratio 
(i.e. with the classes in the histograms), for the Ip 
C-S H, and Fig. 13b shows the same for the Op 
C S-H, with the obvious exception of magnesium. 
The elemental variations in both figures indicate the 
presence of second and third phases intimately mixed 
with the C - S - H  gels. The implication is that the Ca: Si 
ratio of a class is not necessarily a true represention of 
the single-phase C - S - H  present in the contributory 
analysis volumes. This is outlined in the following 
example. 

If it was assumed that the class with mean Ca:Si 
= 1.67 was composed entirely of single-phase C-S-H,  

that all other elements were present as substituents 
within this gel, and that the underlying AI:Ca ratio 
decreases with increasing Ca: Si according to the trend 
found in the TEM results above, such that the C S - H  

Element Mean + ~ High Low 

Na 0.0013 _+ 0.0016 0.0098 0.0000 
Mg 0.0221 4- 0.0137 0.1327 0.0002 
A1 0.0335 4- 0.0190 0.1062 0.0000 
Si 0.6098 ___ 0.0502 0.7517 0.5028 
S 0.0109 _+ 0.0142 0.0722 0.0000 
K 0.0043 _ 0.0053 0.0300 0.0000 
Ti 0.0003 _ 0.0012 0.0143 0.0000 
Mn 0.0002 _ 0.0021 0.0469 0.0000 
Fe 0.0156 ___ 0.0055 0.0510 0.0045 

Ca:Si 1.6513 _+ 0.1378 1.9889 1.3303 

T A B L E V I I X:Ca atom ratios of outer product C-S-H in O PC 
determined by EMPA mapping, n = 161 

Element Mean _+ c~ High Low 

Na 0.0020 _+ 0.0020 0.0070 0.0000 
Mg 0.0000" - 
A1 0.0509 + 0.0200 0.1047 0.0072 
Si 0.5636 4- 0.0403 0.7126 0.5017 
S 0.0318 + 0.0148 0.0681 0.0000 
K 0.0086 4- 0.0070 0.0308 0.0000 
Ti 0.0003 _+ 0.0012 0.0127 0.0000 
Mn 0.0001 4- 0.0004 0.0041 0.0000 
Fe 0.0153 _+ 0.0056 0.0306 0.0050 

Ca:Si 1.7830 4- 0.1231 1.9933 1.4034 

a By definition 

with Ca:Si = 1.67 has Al:Ca = 0.028 and the C-S -H  
with Ca:Si = 1.725 has Al:Ca = 0.027, then it is evid- 
ent from Fig. 13a that the value of AI:Ca = 0.034 
observed at Ca:Si = 1.725 can only be achieved 
through the involvement of a high aluminium-bearing 
phase. As the Mg:Ca ratio does not increase signific- 
antly between these two adjacent classes (Ca:Si 
= 1.67 and 1.725), the TEM evidence indicates that 

the phase intermixed with the C-S -H  must be a 
calcium sulphoaluminate hydrate. As the S:Ca and 
Fe:Ca ratios also do not increase significantly, the 
best option is a sulphur-deficient low-iron AFm-type 
phase, i.e. C4AHx. If this phase were only intermixed 
with the two C - S - H  gels outlined above, then the 
A1: Ca ratio observed in the Ca: Si = 1.725 class, could 
be achieved by the proportions indicated in 
Table VIII. Further increases in mean Ca:Si ratio are 
accompanied by an increase in S:Ca ratio, which 
suggests the presence of small amounts of high sul- 
phur-bearing phases, either monosulphate or AFt. 
Clearly, this is simplistic, and in reality C S H gels 
with a range of Ca: Si ratios are probably intermixed 
with varying proportions of second and third phases, 
but it serves to demonstrate the probability of phase 
admixture within the analysis volumes. The same type 
of approach can be made to the Op C S H data on 
Fig. 13b, where again the influence of phase admixture 
is superimposed over the underlying trend of the 
AI:Ca ratio decreasing with increasing Ca:Si ratio. 

Although it is apparent that the initial criteria for 
determining the compositional limits fo r single-phase 
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Figure 13 Variation in mean (�9 Al:Ca, (11) Fe:Ca, (A) S:Ca and (D) Mg:Ca atom ratios with mean Ca:Si ratio for (a) inner and (b) outer 
product using the initial criteria, and (c) inner and (d) outer product using the restricted criteria. 

C - S - H  are consistent with TEM observations and the 
EMPA elemental maps, it is constructive in terms of 
determining the scale and extent of phase intermixing, 
to examine the effect of reducing the upper limit of (AI 
+ Fe):Ca atom ratio by excluding all the near-inter- 

face inner product regions which were associated with 
higher aluminium and sulphur than the body of the 
inner product. In achieving this, 70% of analyses 
originally designated as Op C - S - H  are excluded by 
the same criterion, leaving only 50 points considered 
as single-phase Op C - S - H  (out of a total of 2500 
analyses within the mapped area; the choice of area 
resulted in a roughly equal split between inner and 

outer product regions). The depleted statistics for Op 
C S H resulted in a distribution comparable to many 
of those produced by the TEM data, i.e. bimodal. 

Fig. 13c shows the variation in AI:Ca, Fe:Ca, S:Ca 
and Mg:Ca atom ratios with the mean Ca:Si atom 
ratio classes for the restricted data for the Ip C -S -H  
(classified as before), and Fig. 13d shows the same for 
the Op C-S-H,  with the exception of magnesium. For 
Ip C-S-H,  it is evident that most of the analyses 
requiring the presence of second phases have been 
removed, revealing the underlying compositional 
trends, but also that some remain in what is only 
around two-thirds of the inner product region. The 
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TABLE VIII  An example of the compositional effect of mixing 
two C-S-H gels of different compositions with an AFm phase (see 
text) 

Fraction Phase 

0.4289 C1.67 S Ao.o234 H~ 
0.5652 C1.725 S Ao.o233 Hy 
0.0059 C a A H= 

1.0000 

graph for the Op C-S-H involves only poor statistics, 
and this must be considered in any assessment; how- 
ever, it is significant that the variation in Al: Ca ratio is 
mirrored by that of the S: Ca ratio. This suggests that 
even after restricting the compositional limits to levels 
which drastically reduce the number of analyses that 
may be considered as Op C-S-H, some analyses 
remain which require the presence of second phases 
within the X-ray generation volume. The implication 
is that single-phase Op C-S-H rarely occurs in this 
mature hardened OPC paste in volumes greater than 

2 ~tm 3. 

3.2.3. Compos i t i on  o f  the A F t  p h a s e  
Fig. 14 is a plot of (A1 + Fe):Ca against S:Ca atom 
ratio for TEM analyses of AFt relicts from all the 
OPC pastes. The trend is towards the ideal composi- 
tion for AFt of(A1 + Fe):Ca = 0.33 and S:Ca -- 0.50. 
Considering the damaged state of the AFt relicts, this 
is an excellent agreement with composition of ettrin- 
gite and excludes the requirement to include silicon 
substitution which has been found necessary in pre- 
vious studies [4, 7, 21]. As expected from the TEM 
analyses of single-phase C S-H, the line-of-best-fit 
does not pass through the origin, but corresponds at 
S : Ca = 0, to (A1 + Fe): Ca of between 0.03 and 0.05. 

Only about 30% of the analyses had a detectable 
iron-content, and any underlying Fe:Ca is <<0.01. If 
the C-S-H is assumed to have zero iron, then the 
compositions of the AFt relicts range between 
C 3 (A0.91 Fo.09 ) 3C S.H x and C 3 (Ao.59 Fo.41 ) 3C 
S" H~. The average composition of the analyses invol- 
ving iron is C 3 (Ao.75 Fo.25 ) 3C S'Hx. As only 30% 
of total analyses detected iron, the average of all 
the analyses is C3 (A0.925 F0.075) 3C g'H~ and 
C 3 (A l_y Fr) 3C S'H~ where 0 < y < 0.41. 

3.2.4. Composition of AFm-type phases 
Large crystals of AFro-type phases were observed in 
all the hardened pastes examined, from 1 day-31 
years, and although only a limited number of analyses 
were taken, there did not appear to be any relation- 
ship between compostion and age. The crystals 
analysed had compositions within the range 
C3 (Al-x F~)'C (St HI-y)'H~, where 0 < y < 0.15 by 
TEM, or 0 < y < 0.08 by EMPA, 0 < x < 0.31 by 
TEM, or 0 < x < 0.36 by EMPA. 

For the AFt, there was no requirement to incorpor- 
ate silicon into the formula, as found necessary by 
Harrisson et al. [3]. The (A1 + Fe):Ca atom ratio 
never deviated far from the theoretical value of 0.5, so 
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Figure 14 Plot of (A1 + Fe):Ca against S:Ca atom ratio for TEM 
analyses of (D) AFt relicts, (A) AFm and ( + ) C S-H for OPC 
samples of all ages (24 h-3�89 years). 

there was no need to postulate the presence of hy- 
droxoaluminate in interlayer sites, as found necessary 
by Lachowski et al. [4] and Taylor et al. [7]. 

4. Conclusions 
1. Inner and outer product C-S H differ in mor- 

phology but not substantially in Ca:Si ratio. 
2. TEM analysis indicates no systematic variation 

in C-S-H composition with age but significant vari- 
ation from one area to another. There is some indi- 
cation of a bimodal distribution of Ca:Si ratios at 
early ages which subsequently disappears. 

3. TEM microanalysis of AFt relicts shows them to 
have (A1 + Fe):Ca and S:Ca ratios of ettringite. 

4. Inner product C-S-H occasionally contains em- 
bedded within it small amounts of AFt, AFro, a 
magnesium-rich phase and Ca(OH)2. The possible 
presence of these phases must be considered when 
interpreting microprobe analyses of inner product. 

5. Microanalysis by EMPA gives Ca:Si ratios in 
substantial agreement with those found by TEM, but 
it is shown that it is essentially impossible to obtain by 
EMPA analyses of single-phase Op C-S-H without 
admixture of other phases, particularly sulphoalumi- 
hate phases. Despite the presence of small amounts of 
embedded phases as revealed by TEM, single-phase Ip 
C-S-H can be analysed by EMPA. 
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