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We report observations on the early hydration of tricalcium aluminate, the most reactive component of
Portland cement, using rapid-energy dispersive diffraction on a high brilliance synchrotron source.In situ
observations of the hydration process over short time scales, and through bulk samples, reveal an intermediate
calcium aluminate hydrate appearing just prior to the formation of the final stable hydrate, demonstrating the
nucleating role of this intermediate. The superior quality of the data is sufficient to yield concentration versus
time plots for each phase over the whole hydration sequence. This improvement derives from being able to use
smaller diffracting volumes and consequent removal of time smearing due to inhomogenetics, and thus now
offers the possibility of extending the technique in terms of time resolution and diversity of
system.@S0163-1829~96!51022-2#

Third generation synchrotron radiation sources are now
providing intense beams of high-energy x-ray photons with
collimation characteristics that can be exploited in the study
of reactions within bulk solid state materials. For example,
the European Synchrotron Radiation Facility~ESRF! has a
source size of circa 1203250mm, a very high brilliance and
usable energies up to 200 keV for diffraction purposes. In the
studies reported here the samples were exposed to fluxes of
the order of 1012 photons per second per mm2 in a 0.1%
bandwidth at 50 keV. This represents an increase of 50–100
compared to equivalent experimental fluxes using second
generation sources.

Given these features we can now use synchrotron meth-
ods to look at much faster solid-state transformations than
previously. The hydration of Portland cement, the reactive
binder in concretes1 for construction and in grouts for oil
field engineering,2 at first appears to be slow, reacting with
water on a time scale of hours and developing final strength
over many months.3,4 Nevertheless there is evidence, such as

from adiabatic calorimetry5 and environmental scanning
electron microscopy,6 of some intense chemical and micro-
structural activity over the first few minutes following the
initial contact between water and the anhydrous cement.
However the direct observation of critical rapid mineralogi-
cal changes in dense cement pastes on the time scale of sec-
onds has only now become possible by use of the latest
synchrotron technology.

It has long been known4,7 that the early hydration of Port-
land cement, i.e., the first few hours after mixing with water,
is greatly influenced by the behavior of its most reactive
component, tricalcium aluminate, or ‘‘C3A’’ for short. Its
hydration reactions can be conveniently expressed using a
cement chemistry shorthand~e.g., see Taylor7,8! in which the
various phases are written in terms of the oxides~C5CaO;
A5Al 2O3; H5H2O!. Using this shorthand, we can summa-
rize key parts of the hydration process in terms of the for-
mation of several hydrates
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2C3A127H→C4 AH191C2AH8 , ~1!

2C3A121H→C4 AH131C2AH8 , ~2!

C4AH191C2AH8→2C3AH6115H. ~3!

Of these hydrates C3AH 6 is the most stable, particularly at
high temperatures. In fact the hydration of C3A is notori-
ously variable and rapid, so much so that reactions such as
~1!–~3! can lead to a condition known as ‘‘flash set’’; this is
avoided by the addition of mineral gypsum, CaSO4•2H2O, to
most cements during manufacture to provide a source of
soluble sulphate ions which appear to suppress formation of
calcium aluminate hydrates and rather divert the reaction
pathway towards formation of a complex calcium sulphoalu-
minate hydrate mineral known as ettringite~e.g., see Jawed
et al.4!.

The attributes of synchrotron energy dispersive diffraction
for studying chemical reactions have already been
detailed.9–13Briefly these are: using thecontinuoussynchro-
tron x-ray spectrum at a fixed collection angle (2u) simpli-
fies the design of environmental sample cells; by using low-
2u collection angles the diffraction peaks occur at high en-
ergies and this gives rise to x-ray penetrations three orders of
magnitude greater than with conventional laboratory sources,
enabling bulk samples to be examined~e.g., 8–12 mm thick-
nesses for cements!; the high intensity can be harnessed to
yield time-resolved diffraction patterns on time scales of sec-
onds. These attributes are enhanced further by third genera-
tion sources: The intensity increase not only permits shorter
collection times but also permits reduction of the beam size
defining slits so that the pattern resolution becomes less de-
graded by geometrical effects. Since low-2u-angles are es-
sential for x-ray penetration through bulk samples, yet confer
a serious broadening effect proportional to cotu(cotu552
for 2u52.2° in these studies!, this is a significant enhance-
ment for complex powder patterns such as with cement;
however, there is a further important enhancement which has

arisen from using reduced defining slits, which is that a much
smaller effective diffraction volume is defined and this has
the quite unexpected effect of decisively sharpening the re-
alized time resolution, as explained later. Finally, the in-
crease in photon flux at high energies effectively extends the
energy range of the diffraction patterns.

In the experiments reported here, we used a sample con-
tainer in the form of a polymer PEEK~poly ether-ether ke-
tone! cylindrical cell ~8 mm internal diameter by 40 mm
length!. This cell was initially filled with unreacted C3A
~tricalcium aluminate! to which water was added by means
of a remotely operated syringe which thus enabled data col-
lection to begin before the start of hydration without loss of
valuable time performing x-ray safety search procedures.
The diffractometer 2u angle was set at 2.2°, a primary x-ray
beam of 0.45 mm~vertical! by 0.05 mm~horizontal! was
incident on the sample, and a diffracted beam slit of 0.08 mm
vertical separation effectively defined12 the diffraction vol-
ume within the sample~see insert in Fig. 1! in the shape of a
discoid of around 0.1 mm3 volume spread across the 8 mm
diameter of thespinningcylindrical specimen cell tube. Dur-
ing data collection the sample was spun at 60 rpm on its
cylindrical axis to minimize effects of preferred orientation
and increase crystallite sampling. The white x-ray beam has
to pass through the sample cell walls in addition to the 8 mm
of sample~C3A 1 water! within, though reasonable diffrac-
tion intensities were still possible on account of the intense
synchrotron beam and lower absorption of x rays at the en-
ergies used. With such penetration we can be assured that
bulk ~internal! material is being sampled, compared to the
near-surface sampling~e.g., depths,100mm! with labora-
tory diffractometers.

The C3A and added water were both equilibrated initially
to ambient temperature~26 °C!. However, the cement, in ad-
dition to undergoing an exothermic hydration reaction, is
also heated locally by the synchrotron beam which has a
power density of approximately 15 W mm22 even after 0.1

FIG. 1. Time-resolved energy dispersive dif-
fraction patterns showing the rapid hydration of
tricalcium aluminate from the moment of water
addition. Each pattern here has been collected
over 5 s the photon count rate being 29 kcps. The
tricalcium aluminate~prominent peaks near 50,
80, and 120 keV! starts to be consumed almost
immediately followed by the growth of the inter-
mediate phase~main peaks near 30 and 60 keV!;
after about 200 s the intermediate phase disap-
pears abruptly and simultaneously with the com-
mencement of rapid growth of the stable hydrate
C3AH 6 ~main peaks near 65 and 75 keV!. The
inset illustrates the basic geometry of the energy-
dispersive diffractometer in plan view: the inci-
dent beam is defined by the first slitSi ; the dif-
fracted beam is defined at an angle 2u by the
second slitSd ; the overall slit system also defines
a precise region, termed a ‘‘diffraction lozenge’’
of lengthL, from which diffracted x-ray photons
reach the detector~not shown! to form the even-
tual energy-dispersive diffraction patterns.
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mm carbon and 0.25 mm aluminium filters have been placed
in the beam to protect the sample. The effect of the beam
heating alone is such that localized cement temperatures, as
measured by a thermocouple probe, are increased by up to
10 °C. The actual temperature within the fine diffracting vol-
ume may be greater than this, though the important factor is
that the volume heated by the synchrotron beam is precisely
the same volume from which diffraction information is being
collected. Also we know that if we deliberately heat samples
up to around 100 °C, then the additional heating effect of the
synchrotron beam becomes negligible since in calibration
experiments14 using pure ettringite, as a reference material,
its decomposition temperature, 114 °C, is reproduced to
within 61°C.

The results concerning the hydration of tricalcium alumi-
nate are presented in Figs. 1–3 and are now discussed. First
the diffraction pattern quality is greatly improved: the strong
measurable C3A peaks extend out in energy as far as 121
keV ~see Fig. 1!; the peak widths are very acceptable
(Dd/d50.6–0.95% over the energy range 48–121 keV! and
more than twice as sharp as equivalent diffraction peaks col-
lected on the second generation source at the UK
Daresbury-SRS.14 The superior photon flux permits 5 s~Fig.
1! and 0.3 s~Fig. 3! collection times and superior concentra-
tion versus time plots~e.g., Fig. 2! compared to previous
studies10,15–19on second generation sources. Using the most
reactive C3A batch ~supplied by Henderson15! the
C3A-hydration sequence observed was found to be rapid
with detectable changes after 10–20 s from mixing with wa-
ter. Because of the surprising nature of the observed hydra-
tion, the experiment was repeated five times for confirma-
tion. Although the timing of the ‘‘start point’’ varied across
these repeats, a similar time-sequence ensued in each case, a
typical result being shown in Fig. 1. Here after a brief dor-
mant period of 10–20 seconds, the C3A concentration drops

as an intermediate phase forms. After 100–200 s, the inter-
mediate phase disappears abruptly as a third phase,
C3AH 6-hydrate, then forms and thereafter remains. A nor-
malized quantitative plot of the evolution of all three phases
versus time is obtained for the whole sequence by integrating
appropriate diffraction peaks~see Fig. 2!. This clearly shows
that the C3AH 6 does not begin to form until the intermediate
reaches its maximum level; then as the intermediate de-
creases the rate of C3A consumption increases slightly, feed-
ing further the formation of C3AH 6. In order to track the
surprisingly rapid disappearance of this intermediate more
closely a further hydration experiment was conducted using
a faster data acquisition procedure in which pattern collec-
tion times were reduced to 0.3 s each spaced by 0.65 s. A
typical 0.3 s diffraction ‘‘snapshot,’’ taken during the period
while the intermediate was disappearing, is shown in Fig. 3.
An analysis of the intermediate phase’s principal~001! dif-
fraction peak~around 30 keV! demonstrates~insert of Fig. 3!
that the intermediate can disappear within about 10 s. This
is remarkably rapid for an essentially solid state trans-
formation/reaction occurring during cement hydration which
is about to enter a so-called ‘‘dormant stage’’ and after
which takes months to years to reach completion.

The identification of the intermediate phase is of obvious
concern: the two dominant peaks~at 30.2 and 60.4 keV!
correspond tod spacings of 10.7 and 5.36 Å. Of the well-
known hydrates,7,8 both C2AH 8 and C4AH 19 match these
d spacings though the intensity ratios fit C2AH 8 far better
than C4AH 19. In addition a very small peak present at 3.58
Å ~90.2 keV! supports the C2AH 8 choice. In this respect
these results parallel an earlier study by Rashid, Barnes, and
Turrillas17 on the hydrate conversion of CAH10 to C3AH 6
where C2AH 8 again appeared as an intermediate phase,
though over longer time scales of minutes.

These results represent diffraction observations resulting
from the superior time resolution and diffraction pattern
quality that were not available during previous cement hy-
dration studies.10,15–19 They show that the hydration of
C3A can be rapid, on a 10–300 s time scale, and proceeds

FIG. 2. Quantitative phase versus time plots for the hydration
sequence in Fig. 1, obtained by peak fitting and area calculations
~peak intensity! to the best resolved peaks for the C3A ~440 peak at
2.699 Å/119.67 keV! and C3AH 6 ~220 peak at 4.442 Å/72.71 keV!,
and by the height of the 10.7 Å peak for the intermediate phase due
to its irregular peak shape. Values are normalized so that each phase
maximum corresponds to unity. The curves demonstrate the coinci-
dence in loss of C3A with growth of intermediate, and loss of
intermediate with growth of C3AH 6 .

FIG. 3. Typical example of an extremely rapid, 0.3 s, energy-
dispersive pattern collected during the period while the intermediate
phase was disappearing and the C3AH6-final hydrate forming. The
inset illustrates the height of one of the intermediate peaks as a
function of time ~arbitrary zero on time axis!, demonstrating the
rapidity of this solid-state chemical transition.
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via the necessary intervention of an intermediate crystalline
hydrate phase, C2AH g . The data support the idea, previ-
ously reported17 with the much slower conversion reactions,
that growth of the final stable C3AH 6 phase is nucleated by
a C2AH 8-type intermediate hydrate. It invalidates an older
alternative synthesis theory~for example see the general re-
view in Ref. 4! that the C2AH 8 acts as aprotective layer
around the C3A grains, impeding full hydration until the
layer becomes ‘‘punctured.’’ If this mechanism were opera-
tive the C3A loss and C3AH 6 growth would not be so con-
sistently synchronized with the formation and disappearance
of the intermediate phase. Further, these results give us direct
clues as to how the addition of gypsum to cements prevents
flash set, since we note that when gypsum is added to the
cement14 the formation of ettringite is even more rapid than
that of the intermediate. Indeed this must be so if it is to
prevent the intermediate from forming and nucleating the
C3AH6 phase.

We conclude by noting first that this study has revealed
one of the fastest ever solid-state multitransformation se-
quences at bulk/near-ambient conditions. A key feature turns
out to be the extremely small diffracting volume within the
bulk of the sample. Previously with second generation
sources the larger slits brought about both a poorer geometri-
cal resolution and a ‘‘time smearing’’ of diffraction events
since unavoidable inhomogeneities in sample, temperature
and reactant delivery~e.g., water! resulted in the detector
integrating a continuum of similar reaction sequences all
slightly displaced in time. In other words,effectivetime reso-
lution is not just a property of the detector system but also

depends on the material and the instrument geometry. Per-
haps in hindsight this is not so surprising when we recall that
diffraction peak resolution similarly depends on the interplay
between instrumental and sample effects. A direct conse-
quence of this effective time-resolution sharpening is that the
fleeting presence of the intermediate hydrate, missed previ-
ously, has now been clearly captured in this study. The pre-
cise sequence of events, free of time-smearing, also un-
equivocally shows that the intermediate plays a vital
nucleating role. It is likely that other reactive transformations
in cement hydration also involve intermediates~for example
in the decomposition of ettringite14!. Consequently current
ideas on cement hydration are likely to be elaborated and
revised. On a more general note, these enhancements open
the door to a possible reexamination of many other solid-
state/hydrothermal reactions. While it is not suggested that
the data quality would necessarily support full rapid time-
resolved structure~e.g., Rietveld20! refinement, it is certainly
sufficient to determine dynamic changes in unit-cell param-
eters~from around 0.01 to 0.1 %18! and to capture short-lived
intermediate phases as in this study. It may well be that a
similar reexamination of other bulk solid state systems will
uncover further intermediate sequences and similarly force
us to rethink the mechanisms of reaction chemistry involved.
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