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A new diffractometer has been built with which energy-dispersive diffraction patterns can be 
collected simultaneously at different angles. The first use  o f  this system for dynamic (time-resolved) 
studies - the hydration of cements under various conditions - is reported. It is found that the 
optimization available with a three-element detector system enables collection of high-quality 
patterns over a much wider and more effective range of reciprocal space, and this yields improved 
and new information on the hydration processes. 
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1. Introduction 

With the wider availability and improved performance o f  

synchrotron X-ray sources, energy-dispersive diffraction 
(EDD) has become an ideal technique for in-situ studies 
when rapid pattern collection and/or difficult environ- 
mental cell designs are crucial. There are many recent 
examples of its use in the fields of solid-state chemistry 
(Barnes, 1991; Barnes et al., 1996), hydrothermal synthesis 
(He et al., 1992; Clark et al., 1995; Lewis et aL, 1995), 
ceramics (Turrillas et al., 1995), cement hydration (Barnes 
et al., 1992, 1996) and tomography (Hall, Barnes, Cock- 
croft et al., 1996). Until now, EDD has been practiced 
using an ED detector at a single scattering angle, 20, whose 
choice is invariably based on a compromise (Hausermann 
& Barnes, 1992) between factors involving the required d- 
spacing range, the intensity versus photon-energy spectrum 
o f  the source, X-ray absorption by the sample, and the 
geometric component to the diffraction pattern resolution 
(the 'cot 0 effect'). The well known disadvantage of EDD 
is its relatively poor overall pattern resolution which can 
result in excessive overlaps between the diffraction peaks. 
We have sought to alleviate these problems by building an 
energy-dispersive diffractometcr for station 16.4 of the 
Daresbury SRS (Clark, 1996), in which three ED detectors 
are positioned, each with their individual collimators and 
differing 20 values, so as to share the burden of effective 
reciprocal-space coverage. In this paper we report the first 
use of such multi-angle EDD for dynamic in-situ studies. 

2. Three-element energy-dispersive diffractometer 

The main engineering features of this diffractometer have 
been detailed elsewhere (Barnes et aL, 1998). Fig. 1 gives a 
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schematic representation of the basic X-ray optics and an 
illustration of the problems of alignment with respect to 
the diffracting volume seen by each detector. The main 
features are (a) the angular separations between each ED 
detector are fixed at just under 3 ° since this usually pro- 
vides a set of three overlapped d-spacing ranges that is 
appropriate for most studies; (b) the goniometer moves 
the three ED detectors, associated collimators and final 
slits, together as a whole unit so that all three 20 values can 
be varied quickly with the same separation maintained; (c) 
the performance of this system for in-situ work is very 
dependent on alignment of the three-element unit and so  

the nature of this aspect is briefly explained. 
The fixed geometry of the conventional EDD method 

has the great advantage that the whole of the diffraction 
pattern can be attributed to the same diffracting volume 
element, termed a 'lozenge' (Hausermann & Barnes, 
1992), which is defined by the intersection of the incident 
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Figure 1 
Schematic figure illustrating formation of the three diffraction 
lozenges, these being defined by the intersection of the input and 
diffracted/collimated X-rays. The illustration is of a misaligned 
configuration in which the three lozenges do not overlap. 
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and diffracted/coll imated X-ray paths. The definition and 

posit ioning of this lozenge can be put to advantage (Jupe 
et al., 1996; Hall, Barnes, Billimore et al., 1996; Hau- 
sermann & Barnes, 1992) as a means of del iberately 
identifying the part  of the sample (surface, interior etc.) 
from which diffraction is desired. In the case of a three- 
element  system, there are three such lozenges (Fig. 1) and 
it is obviously desirable in most cases that they should 
coincide. The following three al ignment condit ions need to 
be satisfied: (i) that the centres of all three lozenges are 
coincident,  (ii) that  this centre also coincides with the 

required part  of the sample, and (iii) that this centre is also 
coincident with the goniometer  axis. Confirmation of such 

al ignment can be achieved by substituting, for the in tended 
sample, a fine (vertical) capillary containing a reference 

powder (e.g. talc) which acts as a sample posit ion definer. 
Fig. 2 shows a typical pre-aligned result, obta ined by 

moving the reference sample while collecting total dif- 
fracted intensity on all three ED detectors; the FWHM of 

each peak is a measure of the length of the lozenges as 
seen by each detector  along the incident beam direction, 

and the degree of separat ion of the peaks is an indication 
of the current  misalignment.  When the diffractometer  is 
fully aligned, all three peaks overlap and remain over- 
lapped during rotat ion of the whole three-element  unit on 

the goniometer  arm. One can then be satisfied that multi- 
e lement  diffraction patterns correspond essentially to the 
same in-situ volume element.  We now present the first two 
examples of in-situ t ime-resolved data collected using a 
multi-angle EDD diffractometer.  
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3. Multi-angle EDD patterns from an industrial 
cement sample 

Fig. 3 shows the E D D  patterns obta ined in 300 s from an 

oilwell cement  with the detectors at nominal  20 angles of 3, 
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Figure 2 
Location of the three diffraction lozenges of the multi-angle ED 
diffractometer along the X-ray beam (y) direction, using a talc 
powder sample in a capillary (total EDD intensity in arbitrary 
units). The plot shows a typical pre-aligned configuration with the 
top and bottom lozenges displaced from each other by more than 
10 ram. In an aligned state the three peaks would be coincident. 
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Figure 3 
High-quality multi-angle EDD patterns (EDD-16.4) for a 
commercial (Dyckerhoff) oilwell cement (prior to water addi- 
tion) compared with synchrotron angle-scanning data (HRPD- 
2.3) on a common reciprocal (l/d) scale. The multi-angle E D D  
diffractometer is set with 20 angles of (a) 3.04 (bottom), (b) 5.84 
(middle) and (c) 8.75 ° (top), and the data were collected in 300 s 
on station 16.4 of the SRS using a cylindrical PEEK sample 
holder (internal diameter 8 mm; external diameter 12 mm). The 
high-resolution angle-scanning data were collected over 4 h 
(0.01 ° steps) on station 2.3 of the SRS at a wavelength of 1.200 ,~. 
The comparison amply demonstrates the excellent quality of the 
EDD data and the benefits of the multi-angle EDD method. 
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6 and 9 °. By plotting these three patterns on a common, 
reciprocal (I/d) scale, the overlap and ranges may be easily 
inspected and the E D D  patterns compared with data 
collected over 4 h from a high-resolution angle-scanning 
powder diffractometer (station 2.3 of the SRS). This pro- 
vides an instructive comparison: virtually all peaks in the 
high-resolution data (HRPD)  can be accounted for in one 
or more of the multi-angle E D D  patterns except that in a 
very few cases a doublet in the H R P D  data cannot be 
properly resolved, the clearest case being at 1/d = 4.6 nm -1 
(middle detector). At low angles the H R P D  data suffer 
from well known problems of glancing incidence (a 
background rise when 1/d < 2.5nm -1) whereas the 
equivalent EDD data give one additional peak at 
2.14nm -1 which arises from the PEEK EDD sample 
holder. The advantage of multi-angle EDD data is striking, 
producing an effect analogous to a 'movable magnifying 
glass' since the high-intensity part of the X-ray spectrum 
falls into different 1/d regions in each EDD pattern. For 
example, the set of multiple-EDD peaks at 3.6-3.9 nm -x is 
low in intensity and poorly resolved in Fig. 3(a), yet is 
intense and well resolved in Fig. 3(b); similarly, the longer 
d-spacing EDD peaks (1/d < 3 nm -1) are only visible in 
Fig. 3(a) while the shorter d-spacing EDD peaks (1/d > 
6 nm -1) are 'magnified' in Fig. 3(c). Although on equiva- 
lent terms, the resolution of the H R P D  pattern, typically 
A20 = 0.12 °, is several times better than the equivalent 
E D D  pattern resolutions [typically, a 0.4 keV FWHM in 
Fig. 3(c) would be equivalent to an angle-scanning A20 of 
0.38°], it would seem that the EDD resolutions are well 
matched to the cement under study: diffraction patterns 
from multi-phase cementitious materials are notoriously 
complex yet we can satisfy our identification and intensity 
needs simply by choosing the best from the three EDD 
patterns. 

4. Time-resolved multi-angle EDD from cements 
undergoing high-temperature hydration 

We report on results from studies of two hydration sys- 
tems: an oilwell cement hydrated under autoclave condi- 
tions and a synthetic analogue of a Portland cement phase. 
In each case additional time-resolved information can be 
extracted by the use of more than one ED detector. 

4.1. Autoclave hydration of an oilwell cement to 425 K 

Oilwell cements (Nelson, 1990; Bensted, 1989) are 
Portland cements manufactured with a low tricalcium 
aluminate content. In oilwell operations, cement slurries 
frequently reach temperatures of 423 K (in geothermal 
wells sometimes as high as 523 K) and so one of the 
principal aims is to prevent premature setting of cement 
under these conditions, prior to proper placement. We 
have reproduced a typical oilwell schedule (temperature 
ramp of 293 to 423 K in 30 min, then held at 423 K) in a 
sealed autoclave EDD cell (He et al., 1992; Hall, Barnes, 
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Cockcroft et aL, 1996) for a simple oilwell 'Dyckerhoff '  
cement/water slurry using the same cement as shown in 
Fig. 3. A detailed description of the hydration sequence 
can be extracted from just the raw time-resolved E D D  
patterns obtained from the three detectors (Fig. 4). Stan- 
dard cement chemistry shorthand is used throughout (C = 
CaO; S = SiO2; A = A1203; F = Fe203; H = H20; s = SO3). 

4.1.1. Anhydrous cement.  Prior to reaction with water, 
the cement E D D  patterns consist of many peaks from the 
unreacted calcium silicate (C3S, C2S), alumino-ferrite 
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Figure 4 
Time-resolved multi-angle EDD patterns showing an oilwell 
Dyckerhoff cement hydrating under autoclave conditions up to 
423 K: (a) bottom detector (20 = 3.04°); (b) middle detector (20 = 
5.84°): (c) top detector (20 = 8.75°). Some principal phases/peaks 
are indicated. 



Colston, Jacques, Barnes, Jupe and Hall 

(C4AF) and gypsum (CsH2) phases, of which some are 
indicated in Figs. 4(a) and 4(c). 

4.1.2. Gypsum/bassanite. After ca 20 min (about 373 K) 
the gypsum, CsH2, transforms to bassanite, CsH0.5, which is 
then consumed after ca 30 min. This event is best seen with 
the bottom detector (gypsum 020 peak at 1000/d = 
130 ,~-1. bassanite 200 peak at lO00/d = 167 ,~-1, but 
overlapping with a C3S 201 peak at 1000/d = 169 ,~-1). 

4.1.3. Brownmillerite hydration. At ambient temperatures, 
this phase [stoichiometric formula C4AF; see also §4.2 
below] normally hydrates slowly but under autoclave 
conditions its consumption accelerates markedly after 
25 min (>398 K) as best seen from the 020 peak in the 
bottom detector (1000/d = 137 ,~-1). 

4.1.4. Tricalcium aluminate hexahydrate. The appearance 
of this phase, C3AH6, was a somewhat unexpected result, 
being formed after 25 min and seen best by its 211 peak 
appearing as a shoulder on the CH 001 peak (see §4.1.5) 
on the bottom detector (1000/d = 195 ,~-1). Its formation 
appears to be correlated with the loss of brownmillerite 
(~.1.3), from which it is known to hydrate, then remaining 
to the end of the autoclave cycle (90 min). It would appear 
that this is the first in-situ observation of this phase 
forming under these timescales and conditions and is 
consistent with published DTA evidence (Ramachandran 
& Beaudoin, 1976). 

4.1.5. Calcium hydroxide. The growth of calcium hydro- 
xide, CH, is often considered to mark the end of a 1-3 h 
dormant hydration stage under ambient conditions. Under 
these autoclave conditions the CH growth commences 
after just 25 min and continues to grow to the end 
(90 min), the commencement appearing to be correlated 
with the simultaneous loss of gypsum (~4.1.2). It is best 
seen with the 001 peak in the bottom detector (1000/d = 
202 A - l )  and the 101 peak in the middle detector (1000/ 
d = 380 ,~-1) in spite of some overlap with three C3S peaks 
(1000/d = 359 ,&-l). 

4.1.6. Ettringite/monosulfate. This concerns the well 
known decomposition reaction of calcium sulfoaluminate 
hydrate, ettringite CaA.3Cs.H32, to monosulfate, C3A. 
Barnes et al., 1996), Fig. 4 being the first display of such 
data obtained under autoclave conditions. The ettringite 
and monosulfate peaks are small and partially overlapped 
with themselves and other peaks (ettringite 100, 110, 104 
and 114 peaks at lO00/d = 104, 180, 213, 258 ~,-~" mono- 
sulfate 003 and 006 peaks at lO00/d = 105, 210,~-~); 
nevertheless the full data show that the transformation 
takes place from 15 to 35 min, commencing at ca 358 K, 
though a residual fraction of ettringite appears to remain 

up to 423 K (Jupe, 1997). 
4.1.7. Tobermorite. This is a crystalline calcium silicate 

hydrate, C5S6H5, which forms under autoclave curing 
conditions (Polak et al., 1990). It is not readily visible in the 
raw data during the early stages of formation, but can be 
detected by multiple peak-fitting analysis on the 101 and 
110 peaks (1/d = 182 and 323 ,~-1) within the bottom 
detector patterns. 
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The main outcome from this study is as follows. We note 
that EDD appears to be the only method available today 
by which the bulk transformation of individual mineral 
phases can be observed in real time under realistic 
hydrothermal conditions, generating unique information 
on the chemistry of the cement hydration process (Luke et 
al., 1995): this is the first comprehensive analysis of cement 
hydration under an operational oilwell t ime-temperature 
schedule (ramp from 293 to 423 K in 30 min) and we can 
see that the information from two or more EDD detectors 
is complementary, thereby providing an extremely detailed 
picture of the first 30 min of autoclave hydration. The 
results show clearly that the overall hydration process 
consists of several stages marked by the often sudden 
appearance and disappearance of particular hydrate/ 
mineral phases. This provides a framework from which one 
will now be able to study how set-modifying additives 
perturb and retard the course of cement hydration under 
geothermal conditions. 

4.2. Hydration of synthetic brownmillerites 
Brownmillerite has the stoichiometric formula C4AF 

and is one of the four principal phases occurring in Port- 
land cements, where it occurs with a wide range of sub- 
stitutions (Bergstrom et aL, 1992). As part of a study into 
its hydration and structural properties, brownmillerite has 

C3A.3CsH32 
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Time-resolved multi-angle EDD patterns showing a synthetic 
brownmillerite cement phase hydrating at temperatures ramped 
from 303 to 323 K in 30 min, then held at 323 K: (a) bottom 
detector (20 = 2.52°); (b) middle detector (20 = 5.28°). Some 
principal peaks are indicated. 
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been synthesized (Jupe, 1997) with varying Mg/Si sub- 
stitutions. In saturated lime water a mixture of stoichio- 
metric pure brownmillerite and gypsum hydrates 
straightforwardly to form ettringite (C3A.3Cs.H32) 
according to 

CH 
C4AF -1- 3CsH 2 + 29H ----+ C3A.3Cs.H32 -t- FH 3. 

Fig. 5(a) contains the main features of this hydration 
sequence during the temperature ramp from 303 to 323 K, 
as seen by the bottom detector: the loss of gypsum, CsH2, 
throughout the whole 100 min is evident from the dimin- 
ishing 020 and 021 peaks at lO00/d = 132 and 234 A-~, 
respectively; some ettringite is already present at the start 
but grows further as seen best by the 110 peak at lO00/d = 
179 ~-1  and also by the 100 and 104 peaks at lO00/d = 104 
and 213 ,~,-~, respectively. We can use this type of infor- 
mation to gain a quantitative view of the rates of hydra- 
tion: for example, in Fig. 6 we show the rate of loss of 
gypsum (intensities obtained from Gaussian-fitting of 020 
gypsum peaks and corrected for beam decay) for four 
independent experiments covering two temperature pro- 
files (303-323 K; 303-353 K) and two brownmillerites 
(stoichiometric C4AF; Mg/Si-doped C4AF). This shows, as 
expected, that the hydration rates increase with tempera- 
ture but also that pure brownmillerite hydrates more 
rapidly than the doped forms. 

The middle detector (Fig. 5b) does not add any further 
significant information regarding this chemical sequence of 
events. However, since we are able to monitor a given 
diffraction peak on two detectors at different 20 angles, we 
have a means of comparing the X-ray scattering/absorp- 
tion by the sample at two different energies. If we assume 
that the net chemical composition of the sample remains 
constant and that the sample is homogeneous and with no 
adverse preferred orientation, then this in principle can 
yield information about density changes, p(t), in the sam- 
ple with time. The intensities at time t for a given reflection 
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Figure 6 
Comparison of the hydration rates of brownmillerite as indicated 
by the loss of gypsum (021 peak at d = 4.28 ,~,). This shows, as 
expected, that hydration rates increase (i.e. faster loss of gypsum) 
with temperature but more notably that the doped form in each 
case hydrates more slowly than the pure form. 
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in two detectors, at respective energies E1 and E2, will be 
of the form 

IE1 (t) -- k l p ( t ) e x p [ - a i P ( t ) ] ,  

IE2 (t) = k2P(l ) exp[--a2P(t)], 

where the constants ki and ai represent unit (per depth and 
density) scattering and absorption contributions for the 
reflection at an energy Ei. If we take the natural logarithm 
of the ratio of the intensities at the two energies, then 

ln[IE, (t)/IE2 (t)] = In(k) - ap(t),  

w h e r e k = k  l / k  2 a n d a = a  l - a  2. 

Thus, changes in this In(ratio) with time reflect changes 
in the sample density p(t). For example, in Fig. 7 we plot 
the variation of 1n(131 kev/I66 kev) for the gypsum 021 peak 
during hydration as captured in the bottom (at 66 keV) 
and middle (at 31 keV) detectors. For the lower tem- 
perature sequence (to 323 K) a slow (inverse-sigmoidal) 
drop in sample density with hydration time is indicated. 
For the higher temperature ramp (to 353 K) the drop in 
density is, as expected, much more rapid and then levels 
off after 30--40 min; this is quite convincing since 30- 
40 min is also around the time of set (also seen in Fig. 7 by 
the plateau in ettringite production) after which we indeed 
expect density changes to be negligible. One could, in 
principle, take this analysis further by calibrating the 
constants, a, k, from known density points (e.g. at the 
beginning and end of a hydration sequence) in order to 
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Figure 7 
Plots of In(131 keV/166 keV) (open circles/squares) versus time for 
the gypsum 021 peak, as obtained from the bottom and middle 
detectors; these reflect the changes in sample density with 
hydration time for which the drop is, as expected, more rapid 
with the higher-temperature sequence (ramp to 353 K). Also 
included are the growth curves for the ettringite product for both 
sequences (filled circles/squares, corrected for beam decay and 
plotted on arbitrary scales) to show that the time periods over 
which the densities change convincingly coincide with the main 
periods of growth in each case. The crosses inserted at 5 and 
90 rain indicate the two calibrating density point measurements 
performed for the 303-353 K experiment, thereby providing a 
scale for absolute density estimates, p (g cm-3), throughout the 
whole hydration sequence. 
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derive absolute density values during the sequence. We 
have been able to do this in a repeat of the 303-353 K 
hydration experiment within a graduated glass-tube reac- 
tion vessel: light paraffin of known density (0.838 g c m  -3) 
is used to make up known ambient volumes; the cement 
density can then be calculated from the weight differences, 
yielding values of 1.72 (4-0.01) and 1.67 (4-0.01) gcm -3 at 
5 and 90 min, respectively. Inserting these points into the 
plot (Fig. 7; 303-353 K) provides a scale for absolute 
density estimates during the whole hydration sequence, 
and this represents a further potential advantage from the 
use of multi-angle EDD. 

We see several important outcomes from this particular 
study. Firstly, it represents the first in-situ X-ray diffraction 
study of brownmillerite hydration and the first comparison 
of its hydration kinetics for differing temperatures and 
doping. The results confirm the trend that synthetic 
brownmillerite hydrates more rapidly than its (impure) 
Portland cement counterpart. But further, we can see 
(Fig. 6) that the Mg/Si doping actually retards hydration 
rates, the retardation if anything increasing with tem- 
perature. This result contrasts markedly with the situation 
for calcium silicate/Portland cements where it has been 
long known that doping tends to increase hydration rates. 
Finally, the results present an initial showcase for the need 
to consider the effect of density changes. Virtually all 
published quantitative work on EDD ignores this effect, 
even to the point of erroneously attributing differing 
growth-curve shapes to the various reflections of the same 
product, rather than realising these could be simply due to 
differing absorption-energy dependencies. This multi-angle 
approach now provides a way to check these assumptions 
independently; they show that the density/absorption 
effect can be significant. 

5. Conclusions 

A three-element energy-dispersive diffractometer has 
been assembled and aligned so as to enable simultaneous 
collection of EDD patterns at three angles, thereby 
effecting a fuller and more optimized coverage of reci- 
procal space. The system has now been benchmarked on 
demanding materials: Portland/hydraulic cements in both 
static and hydrating modes. The quality of the EDD pat- 
terns is well matched to cement studies with little or no 
diffraction information being lost on account of resolution; 
the multiple diffraction sets enable a far more detailed 
analysis of the hydration sequences, including an indica- 
tion of changes in sample density and absorption, this 
being a hitherto neglected aspect of energy-dispersive 
diffraction analysis. These improvements are so substantial 
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that we predict this multi-angle mode will become the 
norm, replacing the traditional single-angle energy- 
dispersive diffraction method. 

We wish to acknowledge the EPSRC for financial sup- 
port and synchrotron beamtime, CLRC Daresbury 
Laboratory for considerable assistance with the multi- 
angle EDD diffractometer, Schlumberger Cambridge 
Research and Daresbury Laboratory for CASE-student- 
ship support, and British Gas, Schlumberger CR and 
Castle Cement for financial assistance. 
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