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Abstract

The technique of synchrotron energy dispersive diffraction has been developed for in situ studies of cement hydration under autoclave

conditions. This has been applied to oilwell cements hydrating at typical oilwell temperatures up to 130 8C. The results show clearly the

detailed interplay between 11 detectable phases, from which a phase transformation scheme has been derived; this illustrates the progression

of hydration up to 130 8C for two extreme cases, with and without conservation of water content and autoclave pressure. The monosulphate

hydrate phases are found to exhibit different stability bounds, with a surprising sequence of the 14-water, 10-water then 12-water

monosulphate as temperature/time increases; the latter form is particularly associated with conditions of water/pressure loss. The effect of

retarders on C3S dissolution and CH formation is negligible above 70 8C, whereas the effect on the calcium sulphoaluminate hydrates is more

complex, and possible reasons for this are discussed.

D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Oilwell cements [1–3] are portland cements produced

with a low aluminium/iron (A/F) ratio (and hence small

or zero C3A content) to prevent rapid setting under

conditions of high temperature/pressure (typically up to

200 8C). In use, they are also strongly retarded by

chemical additives. In constructing deep oilwells, cement

placement may take many hours so that inadequate
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retardation can lead to premature setting and catastrophic

failure which may require expensive redrilling. The

chemistry of hydration in both unretarded and retarded

cements under these conditions remains poorly understood

largely because of the lack of methods for in situ

monitoring of mineralogical transformations under these

extreme conditions [4]. The in situ methods described

here allow cements to be observed in great details as they

hydrate under realistic deep well conditions. The wealth

of new hydration behaviour uncovered is remarkable, and

this enables us to construct a generic reaction/trans-

formation scheme for cement hydration in this relatively

uncharted territory.
35 (2005) 2223–2232
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2. In situ energy-dispersive diffraction of cements

Energy-dispersive diffraction (EDD) was first demon-

strated in 1968 [5,6], although it was its combination with

synchrotron radiation during the mid-1970s [7,8] that

transformed it into a versatile technique for in situ studies

on crystalline state reactions and transformations. Its

application in the area of cement chemistry [9] has proved

particularly useful for detecting and monitoring structural

changes and transformations in situations where conven-

tional laboratory diffraction methods do not provide the

required penetrating radiation (through the sample) nor do

they provide sufficient time and space resolutions. Exam-

ples of successful expositions using in situ EDD are the

capturing of the fleeting intermediate phase during hydra-

tion of calcium aluminate cements [10–12] and monitoring

the ettringite to monosulphate transformation under various

conditions [13]. More recent developments have included

the generalisation of EDD to operate simultaneously at

different detector angles [14,15] and the exploitation of its

spatial resolution to follow hydration fronts in bulk samples

(e.g., [16–19]).

The principle of EDD has been described many times

(e.g., [20]) and is illustrated schematically in Fig. 1 in the

context of these studies: a near-parallel white beam (with,

typically, a 20–80 keV usable energy range) from a

synchrotron wiggler/multipole magnet is reduced to its

final cross-section using precision slits (typically 1000 Am
diameter). The beam is then directed through an environ-

mental enclosure into the bulk cement sample from which

diffraction occurs according to Bragg’s law (k=2d sin h)
for the available range of wavelengths k (0.62 to 0.16 2
Fig. 1. Schematic of the EDD method operating with an autoclave hydration cel

volume elements (one of which is seen in the exploded view) which is positioned

PEEK cell. The PEEK cell sits in a cup which provides (optional) spinning to impr

the (triple) collimator system, which also houses the energy-dispersive detectors. A

cell.
for a 20–80 keV source). However, a set of post sample

collimators select out just those X-ray photons which have

been diffracted at the chosen collimator angles, 2h (h
being the related angle in Bragg’s law). An energy-

dispersive detector placed after each collimator determines

the energies E [and therefore also the wavelength,

inasmuch as k (2)c12.4/E (keV)] of the diffracted

photons. The multichannel output from an energy-disper-

sive detector then effectively contains the diffraction

pattern but dispersed in energy rather than angle space.

Using the reciprocal relationship between k and E, Bragg’s

Law can be appropriately recast into the alternative form

Edsinh ¼ hc=2 ¼ constant f6:2 keVÅ
� �

ð1Þ

where h and c are Planck’s constant and the speed of light,

respectively, and d is the crystal d-spacing. In the case of a

three-angle EDD system, each detector produces an

energy-dispersive diffraction pattern appropriate to the 2h
value of its associated collimator/detector; the different h
values for the three collimator/detector combinations result

in three different d-spacing ranges for the same intrinsic

diffraction pattern. The particular features of EDD are the

following:

! It has a fixed geometry, which greatly facilitates the

design of the sample environmental cell inasmuch as the

entrance/exit beam directions can remain fixed. Further-

more, the lack of moving parts aids the collection of

rapid time-resolved diffraction data.

! The white X-ray beam from a synchrotron wiggler

magnet is energetic such that it will penetrate through
l. The incident and (three) diffracted beams define the effective diffracting

to coincide with a region inside the sample contained within the cylindrical

ove the crystallite orientation sampling. The diffracted beams are defined by

regulated hot-air-heater/fan system controls the temperature of the sample



Table 1

List of the most suitable diffraction peaks used in this study for intensity/concentration determinations of the crystalline phases within a hydrating oilwell

cement (the abbreviations used in this paper are also indicated)

Mineral/working name Abbreviation used Formula d-spacing (2) Miller indices

Alite C3S C3S 3.03 221

Brownmillerite Bm C4AF 7.25 020

Gypsum gyp CS̄H2 7.60 020

Portlandite CH CH 4.90 001

Hemihydrate/bassanite hemiH CS̄HO 6.01 200

g-anhydrite anH CS̄ 6.06 100

a-dicalcium silicate hydrate C2SH a-C2SH 3.26 122

Ettringite AFt C3A 3CS̄ H32 9.72 100

Monosulphate-14 AFm-14 C3A CS̄ H14 9.56 003

Monosulphate-10 AFm-10 C3A CS̄ H10 8.20 003 (assumed)

Monosulphate-12 AFm-12 C3A CS̄ H12 8.75 003
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large bulky objects, in extreme cases, up to ~80 mm of

concrete [16].

! The diffraction peaks are relatively broad (in energy)

which can be problematic if there are many overlapping

peaks.

In the present study, it was necessary to build a cement

hydration (environmental) cell that was compatible with

the X-ray optics of the three-angle EDD system (Fig. 1)

and could deliver conditions typical of deep oilwell

engineering. Autoclave cells were designed such that it

could reliably withstand heating up to 150 8C and 5-bar

pressure for bulk cement samples hydrating in autoclave

mode; a reusable sealable cell (cylindrical, 8-mm internal

diameter) machined from the engineering polymer PEEK
Fig. 2. Example of a 2D contour map of high-quality raw EDD data obtained durin

as in Fig. 3a). Such diffraction patterns are dispersed in one of the dimensions, in e

The other dimension resolves the patterns in time and temperature. Some exam

diffraction peak: A=ettringite, B=14-water monosulphate, C=12-water monosu

anhydrite, H=hemihydrate, I=calcium hydroxide, J=a-C2SH.
was the result. The seals on these cells sometimes fail after

repeated use, yet data obtained in such cases are

considered useful, although the system no longer remains

properly defined. In this context, it is worth noting that

variable water/pressure conditions are relevant to oilwell

operations inasmuch as bore-holes can develop a range of

water/pressure loss regimes by contact through the

surrounding porous media. Consequently, some time was

set aside for experiments in which water loss was

permitted simply as an exploration of the range of results

that might occur under such conditions. This revealed

some unexpected and interesting comparisons between

hydration behaviour under conditions of significant (0.7–

7% per hour by weight) and low (0–0.2% per hour by

weight) rates of water loss.
g an autoclave cement hydration experiment up to 130 8C (the same data set

nergy (keV) or the equivalent in reciprocal space terms [10/d (2)] as shown.
ples of identification are indicated by lettering close to the appropriate

lphate, D=10-water monosulphate, E=gypsum, F=brownmillerite, G=g-
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Diffraction patterns from portland cements are notori-

ously complex, and it might seem at first, given the broad

diffraction peaks inherent with EDD, that assignment of

cement phases within a changing (hydrating) system could

be problematic. However, the outcomes from many in situ

hydration experiments have provided sufficient familiarity

with the characteristic ED diffraction patterns that phase

assignment can be performed unambiguously and suitable

(nonoverlapping) peak(s) can be identified for the purpose

of quantitative analysis (concentration plots); the only

exception to this are the g-anhydrite and hemihydrate

phases which have closely spaced diagnostic peaks with

the result that there is some unavoidable correlation

between the determined concentrations of these two

particular phases. In the case of the monosulphate phases,

the 14-water [21] and 10-water [22] forms can be

distinguished from the more common 12-water form by

the long basal d-spacings. Table 1 lists the most useful ED

diffraction peaks used for the main phases and their

abbreviated names used in the figures.
        

 

 

 

 

 

         

 

 

 

 

 

 

        

 

 
 

 

 

 

Fig. 3. Time-resolved phase concentration versus time plots for hydration expe

(consequently, the AFm-10 plots appear very noisy inasmuch as their absolute lev

0.7% per hour water loss; (b) as in panel (a) but with 0.1% phosphonate retarde

difference at these temperatures. No less than 11 separate phases are monitored (
The time-resolved EDD data comprise a series of

diffraction patterns representing the changing composition

of the hydrating sample at different times; the time intervals

between each data set, often referred to as the time

resolution, were set for these experiments to be either 5

(medium time resolution) or 25 min (low time resolution).

Such time-resolved series can be displayed as a three-

dimensional surface or two-dimensional contour map of the

raw data; an example of the latter is given in Fig. 2.

Although these forms are visually informative, it is custom-

ary to convert such data to more quantitative representations

by fitting Gaussian profiles to the diagnostic diffraction

peak(s) and determining the area of each peak, which is then

taken to be proportional to its intensity and to the weight

fraction of the phase it represents. After these data are

corrected for the time variations in the synchrotron beam

current (beam decay), the resulting plots (e.g., Fig. 3)

represent relative changes with time in concentration of each

phase inasmuch as the total elemental composition is

conserved (with low water/pressure loss experiments), and
riments at 130 8C. Each plot is normalised so that its maximum is unity

els of concentration are relatively low): (a) oilwell cement, hydrating with a

r added and a 0.9%-per-hour water loss. Clearly, the retarder makes little

the key to the phases is given in Table 1).
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the X-ray absorption remains effectively constant once the

cement has settled inside the autoclave cell. In order to

obtain absolute concentrations, one would need to normalise

the data against samples of known composition; however,

valuable information can still be gleaned from relative

concentrations inasmuch as their variation with time,

simultaneously or sequentially for two or more phases,

enables one to infer the key interactions between the various

phases. Many examples are presented below. They represent

the most novel part of this study as there is no other

available experimental way of extracting such detailed

correlations between the appearance and disappearance of

mineral phases during hydration.
3. Results and discussion

In the following in situ experiments, a Dyckerhoff API

Class G cement (A/F=0.83; surface area=310 m2/kg; free

lime=0.5%; alkalis=0.55% Na2O equivalent) was chosen as

a representative oilwell cement, calcium gluconate and

sodium phosphonate (pentasodium salt of ethylenediamine-

tetramethylenephosphonic acid supplied by Monsanto under

the name Dequest 2046) were selected as example retarders.

These compounds are chemically dissimilar and may well

retard hydration by different mechanisms. Silica flour was

also included as a commonly used additive for the

prevention of strength loss at high temperature [1]. A

water/cement ratio of 0.4 (by weight) was used for all the

experiments in this study. Four temperature profiles were

chosen, in which the sample is heated from near-ambient

(20–30 8C) to the set temperature on a linear temperature

ramp over 2 h, as the target temperature profile, and

thereafter held at the set (top) temperature. These profiles

are referred to as 30, 30–70, 30–100 and 30–130 8C,
respectively. The actual sample temperatures were found to

be within a few degrees of these target profiles, except near

the end of the ramp towards the highest temperature, 130

8C, for which the time-lag could be up to 10 min. Once the

set temperatures were achieved, they were maintained

within F18C. Hydration within the four main temperature

profiles was studied both without (the bcontrolQ) and with
Table 2

Comparative data on the times (to nearest 5 min) and temperatures at which calci

monosulphate are completely consumed; bdisappearanceQ is taken to be the point

Temperature profile;

water/pressure loss

N CH appears;

time temperature

A

ti

30 8C; low 1 320 min 30 8C N

30–70 8C; low 2 140 min 70 8C 2

30–70 8C; significant 3 240 min 70 8C 3

30–100 8C; low 1 120 min 95 8C 2

30–100 8C; significant 2 180 min 98 8C 1

30–130 8C; low 1 85 min 95 8C 8

30–130 8C; significant 3 170 min 130 8C 1

A plus sign indicates that the event had not been observed at the time of the end of

without significant water/pressure loss (the number of successful experiments for
the two prototype additives and with/without water/pressure

loss through the sample seal. The control cement is

considered first.

3.1. Control oilwell cement (no additives)

The hydration behaviour of the oilwell cements was

investigated in situ as the temperature was ramped between

30 and 130 8C. Comparative data for the cases of negligible

and significant water/pressure loss were obtained for three

elevated temperatures (70, 100 and 130 8C), and these are

given in Table 2 together with the ambient control data.

They show how the calcium hydroxide growth is brought

forward with increasing temperature, this acceleration being

moderated and more unpredictable when there is significant

loss of water/pressure, except that, at 130 8C, the trend

changes (this exception is considered further at a later

point). Similar observations can be made for the other

events listed (loss of the main sulphate phases).

Increasing the temperature brings about more complex

hydration scenarios. This is very apparent from Fig. 3 which

superimposes the progress of no less than 11 separate

phases, and therefore some breakdown of the overall picture

into component events is necessary. In some cases, it is

possible to identify specific events which cause the

hydration paths to diverge. One such example is the

transition of ettringite to a primary monosulphate hydrate

which has been identified here unambiguously as the 14-

water form, in keeping with the observations of Kuzel [21].

This transition is not observed at 30 8C but is clearly seen at

70 8C and higher temperatures (e.g., Fig. 3). However, it

appears that not all the 14-water monosulphate originates

from ettringite but that there is also a prior contribution from

the combination of gypsum and brownmillerite, as indicated

by two differently characterised growth regions. The first

steadier region corresponds with the steady loss of gypsum

and brownmillerite, while the second more rapid region

coincides with the rapid loss of ettringite. As the temper-

ature rises further (100 and 130 8C), the greater stability of

the 10-water over the 14-water monosulphate becomes

influential, and an interplay between these two phases and

brownmillerite (loss)/CH (production) becomes apparent.
um hydroxide (CH) starts to form, and the ettringite, gypsum and 14-water

when a diffraction peak becomes indistinguishable from the background

FtY0;

me temperature

GypsumY0;

time temperature

AFm14Y0;

time temperature

/A 630+ min 30 8C N/A

15 min 70 8C 195 min. 70 8C 300 min 70 8C
00 min 70 8C 250 min 70 8C 600+ min 70 8C
00 min 100 8C 200 min 100 8C 200 min 100 8C
30 min 99 8C 175 min 98 8C 220 min 98 8C
2 min 90 8C 83 min 95 8C 95 min 100 8C
20 min 130 8C 170 min 130 8C 195 min 130 8C

the experiment. The data cover various temperature profiles, both with and

each entry is given as bNQ).



Fig. 4. Schematic sections (a–f) extracted from Fig. 3 to illustrate key

interrelationships between the various phases (key as in Fig. 3). Each plot is

a schematic representation of relative changes in concentration versus time

for the relevant phases. The significant bturning pointQ is marked by a thin

vertical line.
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The hydration behaviour becomes more divergent with

water/pressure loss at the highest temperatures, and this is

discussed later. First, we need to summarise the basic events

observed for the four main temperature regimes studied:

! 30 8C: the obvious events are the steady growth in

ettringite and standard hydration of C3S to CH/C–S–H,

the reaction of brownmillerite being very slow;

! 30–70 8C: the C3S to CH/C–S–H hydration is accel-

erated. The brownmillerite reaction speeds up signifi-

cantly during the production of CH and 14-water

monosulphate. The ettringite transforms to 14-water

monosulphate. Gypsum reaction is complete;

! 30–100 8C: the 14-water monosulphate structure breaks

up. A relatively small amount of 10-water monosulphate

forms and appears to remain stable;

! 30–130 8C: the hydration behaviour changes markedly

with water/pressure loss, in particular exhibiting late

growth of stable 12-water monosulphate and a-C2SH.

As already stated, the richest variety of events appears at

the highest temperature for the cases of significant water/

pressure loss: indeed Fig. 3 probably represents the first

occasion that all three hydrates (14-, 10-, then 12-water) of

the monosulphate are explicitly recorded during one

experimental sequence and, even then, in a surprising

nonmonotonic order of water content. It is observed that

the decomposition temperature of ettringite drops with

decreasing pressure, in common with Ogawa and Roy’s

observation [23] on pure systems, the corresponding

dependence on water vapour pressure having been studied

by Zhou and Glasser [24]. It is instructive to examine the

water/pressure loss regime in more details as an illustration

of the variety of hydration reactions that can be observed up

to 130 8C. The great advantage of time-resolved in situ data

such as these is that interphase relationships can be

interpreted from the coincidences between changes in

concentration variation of two or more phases. We list the

main examples relating to Fig. 3: the observation is given in

ordinary type case, and the resulting deduction is shown in

italics, the time/temperature values are included only to give

an approximate indication of when each event occurs; for

ease of perception, the relevant observations are extracted

from Fig. 3 and shown schematically in Fig. 4:

! 76 8C, 65 min (Fig. 4a): As discussed above, the

production of 14-water monosulphate (AFm-14) appears

to be bimodal: Initially, both ettringite (AFt) and AFm

grow together, but then the AFm growth accelerates

sharply once the AFt begins to decompose. This also

coincides with an upward bblipQ during gypsum con-

sumption. The brownmillerite consumption rate also

increases from this point: Initially, the 14-water mono-

sulphate forms from brownmillerite and gypsum, but its

growth accelerates sharply once the ettringite decom-

poses and provides an alternative sulphoaluminate
source to the point that excess sulphate is thrown out

and temporarily reforms as additional gypsum.

! 88 8C, 80 min (Fig. 4b): The continued loss of gypsum

(after its upward blip) and the breakup of AFm-14

coincide with the rapid production of calcium sulphate

hemihydrate (bassanite). There is also a small amount of

anhydrite produced, but peak overlap prevents accurate

monitoring of this minor phase: The dissolution/decom-

position of gypsum and breakup of 14-water monosul-

phate cause sulphate to be thrown out in the form of

hemihydrate.

! 96 8C, 90 min (Fig. 4c): The AFm-10 growth coincides

with a rapid loss of hemihydrate, the gypsum having

already been completely depleted earlier, and the

brownmillerite (the only aluminate source) consumption
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slows down once the AFm-10 is formed: A small amount

of 10-water monosulphate is formed, not directly from

the break-up of 14-water monosulphate but rather

indirectly from the intermediate hemihydrate which

seems to have acted as a temporary storage of sulphate

until it combines with some of the brownmillerite.

! 84–130 8C, 75–150 min: The sulphate content released

corresponding to the complete consumption of gypsum,

breakup of AFm-14 and hemihydrate cannot be fully

accounted for by crystalline sulphate phases inasmuch as

the quantity of AFm-10 formed is small, and the AFm-12

production does not start until considerably later (~150

min): Some of the sulphate content released by the

breakup of the gypsum, 14-water monosulphate and

hemihydrate must (temporarily at least) be stored in an

amorphous form. This ties in with reports in the

literature (e.g., [25,26]) of sulphate groups becoming

dispersed within the C–S–H amorphous phase.

! 92 8C, 85 min (Fig. 4d): The commencement of CH

formation coincides with an increase in the rate of C3S

consumption. The end of the well-known cement induc-

tion period is signalled by the start of CH formation and

an increase in the C3S consumption rate.

! 130 8C, 145 min (Fig. 4e): The formation of AFm-12

coincides with a slight increase in the brownmillerite

consumption rate and a more noticeable increase in

consumption of the hemihydrate, which becomes mostly

exhausted (there is also an increase in the C3S

consumption rate): 12-water monosulphate is formed,

similarly to the previous 10-water monosulphate, from

brownmillerite and hemihydrate, although additional

sulphate dispersed in the C–S–H (vide supra) might

also be available (the C3S consumption is not directly

related to AFm-12; see the next event below).

! 130 8C, 145 min (Fig. 4f): The formation of a-C2SH

coincides with the increase in consumption rate of C3S,

but notably, the CH appears to remain constant: The

high-temperature crystalline hydrate a-C2SH is formed

from C3S.

! 130 8C, 145 min: There is an obvious coincidence

between the two previous events at high temperatures

with water/pressure loss: A plausible mechanism is that,

under conditions of combined high temperature and

water/pressure loss, the C–S–H phase becomes partly

destabilised so that some C–S–H and locally dispersed–

Sgare simultaneously released and able to nucleate

growth of both a-C2SH and 12-water monosulphate.

All these links and deductions have been incorporated

into a schematic figure (Fig. 5), depicting the overall

transformation scheme for a hydrating oilwell cement when

(a) water/pressure loss is zero/negligible and (b) when

water/pressure loss is considerable. Although some temper-

ature/time indications are included from the specific data

sets with Fig. 3, the diagram is intended to be generic for

high temperature hydration, generally, the latter stage being
more specific to systems experiencing water/pressure loss.

The overall level of new detail is remarkable and stands as a

tribute to the power of in situ studies. Similar detail is

apparent in a companion study [28] of brownmillerite/

gypsum hydration.

3.2. Oilwell cement hydration with additives

Two prototype retarders have been used in this study,

calcium gluconate and sodium phosphonate, the range of

dosages 0.1–0.2% (by weight) being typical of industrial

practice. One might at first perceive a relatively simple

picture concerning the effect of these retarders if one were to

restrict observations to the main crystalline components C3S

and CH: Table 3 shows that, at ambient temperatures, the

effect of retarders is to decrease the rate of C3S dissolution

and to delay the onset of CH growth from about 320 min to

times beyond the normal duration of the experiment (i.e.,

N600 min); at 70 8C, this delay is less pronounced (200 to

385+ min), and, at higher temperatures (100 and 130 8C),
the difference is negligible (it is an oddity that the shortest

onset times occur at 100 rather than 130 8C). Furthermore,

the dosage dependence appears to be normal, the degree of

delay increasing steadily with dosage. However, if one

examines the behaviour of other hydration components

(ettringite, gypsum, AFm-14, AFm-10, AFm-12 and a-

C2SH), the trends are less clear. Table 3 shows that gypsum

dissolution is either delayed or unaltered by retarders up to

70 8C but accelerated at higher temperatures. The behav-

iours of the three monosulphate phases are very varied,

AFm-14 formation being suppressed by calcium gluconate

and delayed by sodium phosphonate, AFm-10 (100, 130 8C)
being slightly accelerated with Ca gluconate and signifi-

cantly accelerated by sodium phosphonate and, notably,

AFm-12 forming at temperatures as low as 100 8C with Ca

gluconate. Such differing behaviour must be due in part to

divergence of reaction pathways early in the hydration

process, and early ettringite formation is obviously a

significant factor given its sensitivity to additives and its

subsequent transformation to the first monosulphate, AFm-

14: Table 3 also gives an indication of the quantity of

ettringite being produced within each field (compared to the

control), the general trend being towards a reduction but

with the calcium gluconate being far more effective at

reducing the ettringite formed, particularly at 100 8C or

above. This is particularly interesting in that phosphonate

retarders are believed to interact strongly with the surface of

ettringite crystallites, with possible consequences of modi-

fied crystal growth. Information on modified crystallite

shape cannot realistically be gleaned from EDD patterns due

to the broadness of the diffraction peaks. By contrast, a

gluconate retarder is believed to act as an ion complexer,

and, on this basis, one might surmise that the very

significant reduction in ettringite stems from some interfer-

ence between the gluconate and the gypsum calcium

cations, which normally feed the ettringite production.



 

 

 

 

 
 

 

Fig. 5. Schematic transformation pathways derived from the data such as those presented in Figs. 3 and 4, organised according to sources of sulphate (S̄),

alumino–ferrite (A/F) and silicate (S). The usual solid solution substitutions (e.g., Al/Fe) are assumed: (a) with zero or negligible water/pressure loss, (b) with

significant water/pressure loss. The g-anhydrite formation is not shown separately as it can be considered as a correlated subcomponent, i.e., part of the

hemihydrate production box. The temperature and time markings given in Fig. 5b are as for Fig. 3a and are only included to give an approximate indication of

when each event occurs.
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Subsequent observation of the ettringite to monosulphate

transformation (AFtYAFm-14) then reflects upon the

quantity of ettringite that has been formed in the first place

and is therefore available for transformation coupled with

the increasing slowness of this transformation at or below

70 8C [13,27,28]. Another notable feature is that the

formation of 12-water monosulphate and a-C2SH (AFm-

12/a-C2SH), which in Eq. (1) was linked to destabilisation

by high temperature and water/pressure loss, occurs as low
as 100 8C, even with negligible water/pressure loss in the

case of the gluconate retarder. No obvious reason can, at

present, be offered for this except the idea that somehow, in

supressing the ettringite and AFm-14 production, the

gluconate additive also induces a less robust C–S–H

microstructure, which is then more easily destabilised.

The remaining observation on additives, not covered in

Table 3, concerns the addition of silica flour (50% by weight

to cement). This procedure is commonly used in oilwell



Table 3

Comparative data on phase evolution for the control (OPC), control with 0.1 (or 0.2*) wt.% calcium gluconate and control with 0.1 (or 0.2*) wt.% sodium

phosphonate for autoclave hydration at temperatures ramped from 30 to 70, 100 and 130 8C over 2 h

Event Control OPC (min) OPC+Ca-gluconate (min) OPC+Na-phosphonate (min)

CH formation 30 8C 320 600+ 600+

70 8C 200 385+ 385+

100 8C 115–180 104 160–315*

130 8C 167 170 155

Ettringite growth 30 8C Control Low cControl

70 8C Control Fairly low cControl

100 8C Control Zero Fairly low

130 8C Control Very low cControl

Gypsum dissolution 30 8C 600+ 600+ 600+

70 8C 220 385 385+

100 8C 200 160 140–335*

130 8C 193 180 150

AFtYAFm-14 30 8C NO NO NO

70 8C 360+ NO 385+

100 8C 170 NO 150–495*

130 8C 166 180 210–500*

AFm-10 growth 30 8C NO NO NO

70 8C NO NO NO

100 8C 170 162 100–305*

130 8C 191 180 87–145*

AFm-12/a-C2SH 30 8C NO NO NO

70 8C NO NO NO

100 8C NO NO NO

130 8C YES YES YES

CH formation denotes the time at which calcium hydroxide (CH) starts to form. Ettringite formation compares, at a suitable reference time, the quantity of

ettringite produced to that from the control, the levels being ca equal (ccontrol), fairly low (~50%), low (20–35%), very low (b15%) and zero (not

measurable). Gypsum dissolution gives the times at which the gypsum peak disappears. AFtYAFm-14 signifies the time at which the ettringite disappears

during its decomposition to 14-water monosulphate. AFm-10 growth signifies the time at which the 10-water-monosulphate starts to grow. AFm-12/a-C2SH

indicates whether or not 12-water monosulphate and a-C2SH develop. YES/NO signify that the event did/did not occur under the given conditions. A plus sign

indicates that the event had not been observed at the time of the end of the experiment, an asterisk denotes that the value is found to be dosage-dependent

between 0.1% and 0.2%. Because of the very different scenarios encompassed, the data are only truly comparable across each individual row.

S.L. Colston et al. / Cement and Concrete Research 35 (2005) 2223–2232 2231
operations to prevent strength regression and is believed to

modify the formation of high-temperature hydrates. This

addition was studied using both true autoclave and non-

autoclave (water/pressure loss) conditions. The resultant

data show that crystalline a-C2SH is suppressed by the

increased Si/Ca ratio from silica addition, although,

interestingly, no other crystalline C–S–H phases are found.
4. Conclusions

Synchrotron energy dispersive in situ diffraction is a

powerful tool for studying the hydration behaviour of

cements at elevated temperature and pressure. In this study,

the behaviour of oilwell cements has been examined for a

variety of temperature/pressure conditions, with and without

two example retarders. The level of detail concerning the

behaviour (growth, decay) and interdependency of the

crystalline phases is remarkable, enabling some firm

conclusions to be drawn concerning the hydration pathways

in spite of the complex nature of the system. Particular

highlights are the elucidation of events involved in the

interplay between the sulphate phases (gypsum, ettringite,

hemihydrate and AFm-N, N=10,14) and the mode of
destabilisation of the whole system under nonequilibrium

(water/pressure loss) conditions. This latter regime uncovers

a somewhat surprising formation sequence and partial

coexistence of three monosulphate phases (in order: AFm-

14, AFm-10, AFm-12) and the high-temperature crystalline

hydrate a-C2SH. These events are in turn influenced by the

addition of retarders: at lower temperatures, it is mainly the

rates of C3S dissolution and CH formation that are altered;

at higher temperatures, the retarders have little effect on

these two issues, instead, the growth kinetics of the

sulphate-containing phases is markedly changed. Although

only two retarders were examined, their behaviour and

modes of action are shown to be different and suggest that

this EDD methodology could be a valuable tool for

identifying different modes of cement hydration across a

range of additives.
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