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Synchrotron radiation—energy dispersive diffraction has been used for the first time to study
the formation and stability of the calcium sulphoaluminate hydrates in hydrated Portland
cement pastes. By using this technique it has also been possible to investigate
microstructural and compositional characteristics of the ettringite (AFt) phase. The longer
term slow development of the monosulphate (AFm) phase has also been monitored,
although the characterized content is quite low. Differences were detected between the
microstructural characteristics of the AFt phase formed in the high ferrite
sulphate-resisting-type cement pastes, as compared with the equivalent phase formed from
the ordinary Portland cements. These differences were especially significant at later
hydration times and have been ascribed to compositional differences between the ettringite
(AFt) formed from the two different types of cement.

1. Introduction

As part of a more general collaborative project be-
tween Norway and Sweden the hydration behaviour
of four works’ Portland cement has been studied. We
here report results obtained using synchrotron radi-
ation—energy dispersive diffraction (SR-EDD) to in-
vestigate the formation behaviour, stability and com-
positional changes, etc., of the ettringite (in cement
chemistry, Ca = C, AL — A, Fe=F, Si=18) (AFt)
and monosulphate (AFm) phases present in the still
hydrating, wet cement pastes. (The term ettringite has
come to be used in a generic sense to represent
the AFt phases formed as a result of C3A or C4AF
hydration with gypsum in water. This same nomen-
clature is also used to describe the AFt phase(s)
formed in Portland cement [1]. It is, however, in-
correct in the strictest sense to define any phase as
ettringite, other than one with the structural formula
[Ca;Al(OH)s -12H,07,(S0% ); - 2H,0, or more sim-
ply C3A 3CaSO,-32H,0. The AFt phase in cement
pastes contains additional substitutional ions, such as
Fe3",Si** and OH™ [1]. The term monosulphate
(AFm) is similarly the generic term for the less sul-
phated phase formed as a result of C;A or C,AF
hydration with gypsum in water, and in the strict sense
should only be the phase with the structural formula
Ca,[Al(OH)¢]1,S0;™ -6H,O. In Portland cement
pastes, the AFm phase probably contains additional
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substitutional ions, such as Fe3*, §i** and OH ", etc.
[2]) The particular advantage of this technique is
bulk, ~1cm?, transmission X-ray diffraction (XRD)
equivalent data can be obtained [3-5]. Of potentially
equal importance, the sample does not require further
processing before examination, as could be required
for conventional XRD, or thermal techniques, such as
thermogravimetry (TG). Such treatment has been
found to affect, and partially decompose, labile phases
of interest [6,7]. Copeland and Kantro [6] have
found the degree of drying of cement pastes can affect
the character and intensity of the XRD reflections due
to the AFm phase.

The formation and stability, etc., of the above cal-
cium sulphoaluminate hydrates is of importance in
relation to the overall durability of mortars and con-
cretes. The stability of these phases is known to be
important in the potentially deleterious expansive be-
haviour of certain cements, used in the production of
heat-cured concretes [8—10]. The ettringite (AFt)
phase has also been associated with deterioration of
concrete due to the “alkali aggregate reaction”, one of
the most widespread problems restricting the design
life of concrete structures [11-13]. In addition,
the stability of Portland cement to “sulphate attack”
is apparently related to the characteristics of
these sulphoaluminates, although details of the mech-
anism remain uncertain [14,15]. More detailed
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investigations of the overall behaviour and nature of
the AFt and AFm phases in Portland cement pastes
are therefore necessary, to characterize more fully the
important factors contributing to the deterioration of
cementitious materials.

We here report for the first time SR-EDD in situ
bulk XRD equivalent analysis of the formation, stabil-
ity and compositional details of the calcium sulpho-
aluminate hydrates present in conventional cement
pastes.

2. Experimental procedure
In the present investigation the hydration behaviour
of four standard works’ Portland cements was studied
by SR—-EDD. The full chemical analysis and physical-
chemical properties of these cements are presented in
Table I. From the chemical analysis, these cements
can be separated into two types: the ANL, a high
ferrite (C4AF) cement, is a typical sulphate-resisting
Portland cement (srpc), whilst the remainder, contain-
ing C;A and C,AF, are basically ordinary Portland
cements (opc). All pastes were prepared by mixing for
1 min the cement and deionized-distilled water, at
a conventional weight ratio of solid to H,O of 0.50.
The paste was then poured into the cylindrical perspex
SR-EDD sample holders, 35 mm long and 10 mm
internal diameter, and finally sealed using a rubber
bung to minimize evaporation. After 1d this was
removed and the surface sealed using clear varnish.
Various samples were prepared to cover the hydration
period of 7-326 d and the availability of beam time at
the SR—EDD facility at the Daresbury Laboratory.
The details of the SR—EDD technique are covered
elsewhere [5, 16]. In summary, the technique exploits
the intense parallel beams of white radiation available
from a synchrotron source, in combination with an
energy-dispersive (ED) detector. By irradiating a poly-
crystalline sample with such radiation, diffraction oc-

TABLE I Chemical analysis of cements

Content (%) ANL SLSH P30 P38
CaO 64.0 63.2 63.5 62.2
SiO, 226 20.5 20.7 19.7
Al,O5 3.50 4.39 4.78 491
Fe,0; 491 228 3.68 3.65
MgO 0.95 3.68 2.73 279
K,0 0.68 1.33 1.07 1.05
Na,O 0.08 0.28 0.46 0.45
SO, 1.98 0.04 3.17 3.37
K,O (sol) 0.37 1.06 0.81 0.79
Na,O (sol) 0.07 0.18 0.27 0.28
SO; (sol) 1.64 2.06 1.63 1.65
Free CaO 0.83 111 092 0.99
Bogue®
C58 48.9 60.2 49.9 50.7
C,5 279 134 217 18.1
C;A 1.0 8.7 6.4 6.8
C,AF 149 6.9 11.2 111
SSA (m*kg™") 305 461 330 438

* Estimated phase content using Bogue calculation (see [4] but
Vol. 2, Appendix 2).

curs over a continuous range of wavelengths, A, and
Bragg angles, 6, satisfying the Bragg equation. How-
ever, the ED-detector collimation system deliberately
allows only a small “subset” of these diffracted X-ray
photons to enter the detector, just those which are
diffracted by a specific angle, 8. The ED-detector sorts
out these diffracted photons into their respective ener-
gies using a multi-channei analyser, the resulting en-
ergy spectrum is the required EDD pattern. Because
energy, E, and wavelength are reciprocally related, the
Bragg equation can be rewritten as Edsin6 = con-
stant. In the present investigations, the collimator is
set at the pre-determined angle necessary to cover the
range of d,;, reflections considered appropriate of
close to 0.25~-2 nm. At the angle used the total volume
swept by the diffracting lozenge would be ~ 1 ¢cm® per
sample revolution. Each SR—EDD spectrum was col-
lected over a period of 4 min.

In certain additional experiments, synthetic ettrin-
gites were prepared by suspension hydration of pure
C;A and CLAF in the presence of the stoichiometric
amounts of CaSO,-2H,0 required completely to
form ettringite, as C3A-3CaSO,-32H,0. The water
to solid ratio of 5 was used and the suspensions were
continuously shaken for 60 d. After this period, each
suspension was filtered, washed with acetone and then
placed in a sealed container. The synthetic ettringites
were interblended with 5% rutile (TiO,) and then
examined by conventional XRD, using a Siemens
D500 diffractometer.

3. Results and discussion
3.1. Formation and character of the
ettringite (AFt) phase

3.1.1. Formation and stability

The overall SR—EDD intensity data from two d,,,, re-
flections due to the AFt phase in the hydrating pastes
are presented in Fig. 1. This summarizes the effect of
cement type and hydration time on the formation and
stability of this important hydrate. H, for the present,
the intensity data for the 0.565 nm reflection are con-
sidered to be representative of the overall AFt content,
then preliminary estimates can be undertaken, utiliz-
ing data from the one reliable SR-EDD run on ANL
paste, where there is comparable DSC analysis of the
AFt content [17]. The results obtained are presented
in Table II. These estimates clearly show the presence
of a significant ettringite (AFt) content in all pastes for
at least 326 d. Only in the instance of the SLSH pastes
is there any consistent and measurable decrease in
content during the first 60 d, of some 15%. Between
60 d and the longer hydration times there is a decrease
in the estimated content in all the cement pastes of
close to 22%, see Table II. These results clearly show
a significant proportion of the original SO; content is
still incorporated within an ettringite-like phase for at
least 326 d. Assuming for the present the ettringite
(AFt) phase has the same molecular composition as
synthetic ettringite of C3;A-3CaSO,-32H,0 (molwt
15535), then the proportion of the original cement SO;
content still incorporated within such a lattice, was
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Figure I Changes in intensity of two d,,, reflections due to the
ettringite (AFt) phase, as a function of the hydration time and
cement: (a) 0.565 nm, (b) 0.77 nm. (O) ANL, (A) SLSH, (V) P30, (O)
P38.

TABLE II Estimated AFt content in pastes: from intensity
SR-EDD 0.565 nm AFt reflection, relative to DSC content in ANL
paste at 1 h hydration

Time (d) ANL SLSH P30 P38
1h 270 - - -

7 7.0 8.9 9.8 9.6
28 75 8.0 10.0 9.4
60 7.2 72 9.0 9.4

273 5.7 5.3 75 73
326 6.4 58 7.7 7.9

® DSC AFt content at 1 h of 2.7%, SR-EDD 0.565 nm intensity in
equivalent paste of 210 units, additional estimates from intensity
data in Fig. 1.

estimated to range from ~ 75% in ANL pastes, down
to ~50% in a SLSH paste at 60 d hydration. At later
ages this decreases to close to ~55% in ANL pastes,
compared to approximately 40% in the other cement
pastes. It would therefore appear that the ettringite
(AF1) phase in the ANL high ferrite cement pastes is
somewhat more stable compared to the equivalent
phase in pastes prepared from the remaining high C;A
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cements, if the original SO, content of the various
cements is included in the calculations. However, if the
averaged early age contents (to 60 d) are simply com-
pared to the meaned late age values, then the percent-
age decrease is very similar in all the cement pastes, at
~25%. Clearly the percentage decomposition of the
ettringite (AFt) phase after nearly 1y is relatively
small and surprisingly similar, considering the range
of cement pastes studied. More detailed relationships
between the intensity of the individual d,, reflections
and experimental variables, such as cement type and
hydration time are more difficult to ascertain. These
difficulties are probably associated with the absence of
an internal standard and the problems of preparing
standardized pastes.

3.1.2. Changes in peak intensity ratio:
microstructural characteristics

The ratio of the intensity of observed AFt d,,, reflec-
tions has been calculated, the values obtained as
a function of cement type and hydration time are
presented in Fig. 2. The ratio of the 0.97/0.565 nm
peaks (I 00/11 10 reflections) clearly shows the differ-
ence between the AFt in the ANL pastes, compared to
that in all the other cement pastes, although the diver-
gence i1s somewhat less by 60 d hydration in the in-
stance of the P30 and P38 pastes. In addition, there
are smaller differences in this ratio for the AFt phase
preseut in the pastes prepared from the other three
cements. After the first 7d hydration, the 0.97/
0.565 nm intensity ratio for AFt phase, in each of the
cement pastes remains constant to within the probable
experimental error for at least 326 d. It would there-
fore appear that the AFt crystals are formed within
these pastes, with particular characteristics, dependent
on the cement type from which they are formed and
these remain the same for at least 326 d.

In all the cement pastes studied the greatest differ-
ence in the SR—-EDD characteristics of the AFt phase,
is between that formed in the ANL pastes, compared
to the equivalent AFt formed in pastes prepared with
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Figure 2 Changes in the peak intensity ratio of two ettringite (AFt)
reflections, as a function of hydration time and cement. (O) ANL,
(A) SLSH, (V) P30, () P38.



the remaining cements. In relation to the types of
cements studied, the differences are in broad terms
consistent with the ANL being different from the
others; this is a typical sulphate-resisting high ferrite
cement, whilst the remaining are opcs, containing
both C;A and the ferrite phase, see Table I. However,
this purely descriptive exposition does not explain,
what the differences and changes in the intensity ratios
signify in relation to the overall microstructural char-
acteristics of the developing AFt phase in various
cement pastes.

At the present time it is uncertain which, if any, of
the following hypotheses can be used to explain the
observed variations:

1. differences in the morphology and preferential
crystallinity of the ettringite (AFt) phase. At early
hydration times ettringite crystals some 1 pm x 10 pm
in size have been observed [18]. Furthermore, ettrin-
gite has a highly orientated structure [19], which
could be affected by the local aqueous environment
during the formation stage. It is a frequent problem in
powder diffraction that changes in crystal morpho-
logy can produce large changes in relative peak inten-
sities, due to the crystal morphology affecting packing
and the resultant preferred orientation effects;

2. changes in the X-ray absorption and the density
of the cement pastes with time. Because, with
SR-EDD the various peaks are expressed at different
X-ray photon energies, they are therefore also subject
to varying X-ray absorptions by the sample. If the
overall density remains constant, then there will be no
changes in the absorption and, consequently, no
change in the relative peak intensities. However, if the
density does change, as could occur at early hydration
times, then these absorption factors will be modified,
especially at low energy, and affect the intensity ratios.

Without further experimental investigations it is
uncertain which of these hypotheses is the most im-
portant. However, previous cement hydration studies
have found the ettringite (AFt) phase can have a range
of morphologies at later ages [20]. In addition, Older
and Gasser [14] have proposed the morphology of the
cttringite (AFt) formed from the high-ferrite srpc, is
different from that present in opc pastes. We therefore
tentatively suggest this is perhaps the most important
factor contributing to the observed differences in the
0.97/0.565 nm peak intensity ratio.

3.1.3. Differences in d-spacing:
compositional changes

The d, ¢, spacing has been determined for the ettrin-
gite (AFt) phase present in all the cement pastes
studied. The values obtained and the observed
changes with cement type and hydration time are
presented in Fig. 3. These results are limited to the AFt
dy oo reflection at 0.97 nm and are probably of greater
relative accuracy, than absolute, because no reference
was used. However, the differences observed appear to
be greater than the accuracy quoted for SR-EDD, of
close to 7 in 10* [4]. The d-values quoted below are
the calculated means from the experimental data, with
the appropriate standard deviation ( + 1 S.D.). In ad-
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Figure 3 Changes in the dq o spacing of the ettringite (AFt) phase,
as a function of the hydration time and cement. (O) ANL,
(A) SLSH, (V) P30, () P38.

dition to d, ¢ o spacings obtained from pastes hydrated
for more than 7 d, preliminary data obtained after
only 1 and 8 h hydration are also included. The results
obtained indicate a consistent difference, except for
during the first few hours hydration, between the
dq00 spacing of the AFt phase in ANL pastes, com-
pared to that formed in the remaining cement pastes.
It would therefore appear there is a difference in at
least one of the cell dimensions of the AFt formed
from the ferrite phase present in ANL, compared to
that formed mainly from C;A, the more reactive, of
the calcium aluminate phases present in the remaining
cements [217].

3.1.3.1. Early ages: first few hours. The observed
overall similarity in the dq, spacing during the first
few hours is probably because the initial AFt phase is
formed from the hydration of the same basic C;A-like
phase present in all the cements. In the instance of the
high-ferrite ANL cement, the Bogue C;A content is
~ 1%, see Table 1. In this cement, the AFt content by
DSC analysis at 8 h is only 3.5% [17], well below the
maximum possible assuming a C;A-3CaSO,-32H,0
molecular formula for the AFt phase.

Equivalent SR—-EDD runs of ANL cement inter-
blended with synthetic ettringite and rutile were
undertaken. Compared to the rutile internal standard,
the d;q0-spacing for the ettringite was found to be
0.9725 4 0.0008 nm, whilst the meaned value of this
reflection for the AFt phase in the cement pastes at
1 and 8h hydration was found to be 0.9692 +
0.0003 nm.. It would therefore appear that the AFt
phase formed in cement pastes at early times 1s not the
same as synthetic ettringite. Muhamad ef al. [2] have
studied the formation of ettringite using SR—EDD
and found the a-cell parameter was smaller than that
for a pure synthetic ettringite at early ages. They
ascribed the observed differences to a deficiency of
SOZ~ ions in the lattice. We therefore téntatively
suggest, the similar decrease in the dy o, spacing of the
AFt phase in our pastes, at carly ages, compared to
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that for pure ettringite, is also as a consequence of an
equivalent deficiency in the SO}~ content.

3.1.3.2. Later ages: 7-326 d. In the hydration period
between the first few hours and 7-60 d, the ettringite
(AFt) dy¢0 spacing was found to have increased in
value, in all pastes, see Fig. 3. In this later hydration
period, the d,y0-spacing for the AFt phase in ANL
pastes is now different from that in all the remaining
cement pastes, see Fig. 3. The d; ¢¢-spacing of AFt in
ANL pastes is 0.9718 + 0.0001 nm, as compared to
0.9706 + 0.0001 nm in the other cement pastes. At the
longest hydration ages of 273 and 326 d, the meaned
digo-spacing of AFt in the ANL pastes appears
to remain the same, as during the 7-60d period,
to within the likely experimental error at 0.9712 +
0.0002 nm, whilst the AFt d;,¢-spacing in the remain-
ing pastes decreases to 0.9673 + 0.0006 nm, see Fig. 3.

The most obvious difference between the cements is
that ANL is a typical high-ferrite, low-heat, sulphate-
resisting-type cement, whilst the remainder are ordi-
nary Portland cements containing both C3A and the
ferrite phase, see Table 1. In simple terms, it would
appear the observed differences in the dy ¢o-spacing are
directly related to the high ferrite content in the ANL
cement. However, synthetic preparations of ettringite
(AFt) from pure C;A and C,AF were found by
conventional XRD to be surprisingly similar, see
Table I11. Struble [22] has also found Al>* and Fe®™
containing synthetic ettringites are crystallographi-
cally very similar. In our conventional XRD, for in-
stance, no difference was observed between the d, ¢ o-
spacing of the ettringite (AFt) phase formed from C;A
or C4AF. In contrast, a definite difference in this
spacing was observed in the SR—-EDD studies, in
cement pastes containing different relative propor-
tions of these calcium aluminates. It would therefore
appear there are clear differences between the ettrin-
gite (AFt) formed from the synthetic phases and the
apparently equivalent phase present in cement pastes.

Lachowski et al. [2] have used electron microscopy
to analyse the composition of hydrates in cements
pastes. In their studies the AFt phase was found to
have a range of compositions; however, the main im-
purity ion detected was silicon, although iron was also
found to be present in specific analyses. From an
examination of the overall data, it was also considered

TABLE I1II Conventional XRD of synthetic ettringites

Ettringite (from
C,AF/CaSO,-2H,0 paste)

Ettringite (from
C3A/CaSO, - 2H,0 paste)

dy-spacing® Relative dyri-spacing? Relative
(nm) intensity (nm) intensity
0.9728 100 0.9726 100
0.5662 57 0.5616 52
0.4702 41 0.4710 25
0.3883 59 0.3883 45
0.2565 48 0.2566 39

® Values relative to rutile as the internal standard.
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likely that certain sites in the lattice could also be
occupied by OH™ or CO3~ ions. Similar suggestions
were earlier made by Midgley and Rosaman [23] from
DTA and XRD studies of cement pastes. More re-
cently, Péllmann [247] have found the cell dimensions
of synthetic solid solutions of ettringites depends on
the relative concentrations of SO3~, OH™ and CO2%~
in the lattice.

If our results are compared with the only available
apparently similar cement paste data presented by
Midgley and Rosaman [23], there appears to be gen-
eral areas of agreement, as well as differences in some
of the details. In general terms, they found the AFt
formed in pastes prepared from high ferrite cement,
was different from that formed in the hydration of
cements containing C;A and ferrite, in agreement with
our findings. However, we have found the d, 4, spacing
of the AFt phase in ANL, the high ferrite cement, to
remain basically constant throughout the 7-326 d
period, whilst Midgley and Rosaman [23] found the
same spacing for the AFt formed from this type of
cement to be the more rapidly changing. It is uncer-
tain why the two sets of results are inconsistent;
however, no information on the cements used was
included in their paper, to enable a more critical
evaluation of the data. In view of the well-known
stability of high-ferrite cements to sulphate attack, etc.
[15], compared to opc, it would appear that our
results, are, at least superficially, more consistent with
such behaviour.

From the available experimental evidence it is un-
certain what, if any, compositional variations, within
the AFt lattice are responsible for the observed
changes "in the d;0-spacing. However,  possible
changes include variations in the relative proportions
of such additional ions, as OH ™, Fe*~ and Si**. An
increase in the OH ™ content of the AFt formed from
the higher alkali SLSH, P30 and P38 cements, is
consistent with not only Bailey and Hampson [25]
calculations, but also with changes in the cell dimen-
sions observed by Pollmann and co-worker [24, 26] in
their XRD studies of synthetic ettringites. Differences
in the pore-fluid chemistry could not only affect the
morphology of the developing AFt crystallites, but
also the lattice composition. The solubilities of alkalies
and sulphates are considerably lower in the ANL
cement, compared to the remaining cements, see Table
I. These, and the later consequential, differences in the
pore-fluid OH™ concentration [27], could well be
important factors affecting the lattice composition of
the AFt phase in the various cement pastes.

3.2. Monosulphate (AFm) phase

The other important calcium sulpho-aluminate hy-
drate present in cement pastes is the monosulphate
(AFm) phase. Within the present SR—EDD investiga-
tion, the dggq, reflection at 0.45 nm has been used to
monitor the presence of this phase. The overall
changes in the intensity with cement type and hy-
dration time are shown in Fig. 4. The development of
this phase with increasing hydration time appears to be
basically independent of the cement type, within the
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Figure 4 Development of the detected monosulphate (AFm) phase,
as a function of hydration time and cement. (O) ANL, (A) SLSH,
(V) P30, (O0) P38.

TABLE 1V Estimate of AFm content in paste: from XRD and
SR—-EDD data

Technique: Ettringite (AFt) Monosulphate (AFm)
sample 0.56 nm reflection 0.45 nm reflection
(intensity) (intensity)
XRD:
10% ettringite 150 -
10% monosulphate - 330
SR-EDD:
ANL-326d 1150 260

(6.4%AFt, Table 1I)

ANL paste, 326 d: % AFm, by combining the XRD and SR-EDD
data: equals 150/330 x 260/1150 x 6.4% = 0.6%.

likely error in the intensity measurements. Unfortu-
nately, we have no direct SR—-EDD data on the con-
tent. However, previous conventional XRD of stan-
dard mixes of synthetic ettringite and monosulphate
can be used to estimate the content, see Table IV.
Compared to the X-ray intensity of the crystalline
synthetic phase, the overall content would appear to
be only 0.6% at 326 d. This should not, however, be
taken as a direct indication of the actual content in
these pastes.

Skibsted et al. [28] have found this phase to be
undetectable by XRD, and barely so by DSC; in
contrast, they found 2’Al MAS NMR spectroscopy
was capable of detecting a significant amount of AFm,
to such an extent that in the chemically dried paste
examined, there appeared to be more AFm than AFt.
This paste was prepared from a Swedish cement sim-
ilar to the SLSH used in the present SR-EDD invest-
igations. Taylor [29] has suggested that the AFm is
incorporated within the developing amorphous cal-
cium silicate hydrate, perhaps being interstratified
within or near the disordered silicate layers. The AFm
phase 1s, consequently, considerably disordered, to
such an extent that neither diffraction, nor thermally
based techniques appear to be capable of analysing
the actual content of this phase in cement pastes. Even
in the present investigation, where the pastes still

contain unbound water and are not chemically dried,
which could affect the stability [6, 7], the technique is
probably still not fully monitoring the actual AFm
content.

4. Conclusion

The SR-EDD technique has been shown to be ca-
pable of not only monitoring the overall content of the
AFt phase in cement pastes, but also more detailed
microstructural and compositional characteristics.
The most significant differences in the characteristics
of the AFt phase, are those between this phase forming
in pastes prepared from the typical C;A containing
ordinary Portland cements, compared to the ferrite
containing srpc. There appear to be differences in the
morphology of the AFt crystals at all ages, and at later
ages ( = 273 d) probable compositional changes with-
in the phase formed in opc pastes, as compared to the
apparently compositionally more stable analogue
present in the high-ferrite cement pastes.

The technique is also capable of monitoring the
AFm phase, although probably not the actual content,
due to the disorganized nature of this phase in the
cement paste system. The peak intensity was found to
increase with increasing hydration time; no significant
differences were observed between the four cements.
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