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Thin slices of white Portland cement-low calcium pulverized fuel ash (pfa) blended cement pastes containing 30
or 50% pfa were leached progressively in de-ionized water. The paste with 50% pfa was aged 13 years prior to
leaching and those with 30% pfa were aged 1 and 13 years. Pastes were leached for up to 75 days and were
characterized using thermal analysis, X-ray diffraction, analytical scanning and transmission electron micro-
scopy, and solid-state nuclear magnetic resonance spectroscopy. Leaching affected the pastes in the following

sequence: (i) crystals of Ca(OH), large enough to be resolved by backscattered electron imaging were removed
completely prior to any effect on C-A-S-H; (ii) the Ca/Si ratio of C-A-S-H reduced from = 1.4 to = 1.0 whilst the
aluminosilicate structure was unaffected; (iii) further reduction in the Ca/Si ratio of C-A-S-H was accompanied
by lengthening of the aluminosilicate chains; (iv) the Ca/Si ratio of C-A-S-H reduced ultimately to = 0.6.

1. Introduction

Cementitious materials will be used in a wide range of applications
in the geological disposal facility (GDF) for radioactive waste in the UK.
These include: waste encapsulation grouts, concrete waste containers,
vault/tunnel backfills, lining and plugs; fracture grouts; and floors and
roads [1-4]. Hardened cements are porous materials that contain a pore
solution that is highly alkaline, with an initial pH that may be as high as
=13 [5].

There are great advantages of utilising cementitious materials as
waste encapsulation grouts for the packaging of intermediate-level
wastes (ILW), e.g.; an alkaline chemistry ensuring low solubility for
many radionuclides; immobilization of radionuclides because the
structure can accommodate foreign ions; cost —effectiveness; and ready
availability [6]. The long-term ability of a cementitious backfill to
maintain an alkaline environment and take up radionuclides from so-
lution are important contributors to the containment of radionuclides in
ILW after the closure of a GDF [7].

Formulations of blends of ordinary Portland cement (oPc) with
ground granulated blast-furnace slag (ggbs) or pulverized fuel ash (pfa)
are commonly used in the UK for the packaging of ILW [8]. In this
work, white Portland cement (wPc) was blended with pfa. wPc was
used instead of oPc, because the lower quantities of paramagnetic ions
(e.g. Fe> ™) result in narrower peaks in the solid-state nuclear magnetic
resonance (NMR) spectra [9]. Richardson et al. compared the data from
[10-12] and concluded that the morphology of the outer product (Op)
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calcium aluminosilicate hydrate (C-A-S-H) in the hydrated cement is
associated with a change of pH of the pore solution that occurs as the
pfa reacts, the degree of saturation with respect to CH, and the Si
concentration [13].

The cementitious materials will be leached by, and react with so-
lutes in, groundwater moving through the vaults after closure of a GDF
[14]. When these are leached by a groundwater with a low mineral
content and approximately neutral pH, the main cement hydrate phases
(e.g. first calcium hydroxide (CH) and later also C-A-S-H, AFt and AFm
phases) will be dissolved or diffused out due to the concentration gra-
dient between the pore solution of the cement and the surrounding
groundwater, leading to a decrease of the pH of the pore solution and in
the long-term the degradation of the cement [15,16]. The decrease of
the pH in the long term may influence the performance of the GDF by
increasing the solubility of radionuclides which are immobilized by the
cementitious materials [6]. As the CH plays an important role in buf-
fering the pH of the pore solution, the determination of its dissolution
kinetics is important. In an oPc paste blended with pfa, wherein the CH
is largely consumed by the pozzolanic reaction, the pH of the pore
solution is mainly buffered by the C-A-S-H. Therefore, the dissolution
kinetics and leaching behaviour of C-A-S-H and C-S-H have been the
focus of significant efforts [17-19]. The purpose of this paper is to
improve understanding of how the CH and C-A-S-H in wPc/pfa are
affected by leaching, and thus to contribute to the knowledge under-
pinning the long-term evolution of the GDF.
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Table 1
Bulk oxide compositions of raw materials. ND, not determined.

13-years-old sample 1-year-old sample

WPC PFA (demagnetised) WPC PFA
SiO, 25.00 51.80 24.81 50.41
TiO, 0.08 1.00 ND ND
AlLO; 2.14 26.14 2.35 24.10
Fe,03 0.36 5.93 0.49 10.63
Mn304 0.02 0.06 ND ND
MgO 0.78 1.59 0.80 1.60
CaO 71.02 1.67 70.64 3.40
Na,O < 0.30 1.48 0.15 0.89
K,0 0.09 3.79 0.06 2.97
P,0s5 0.08 0.24 ND ND
Cr,0 < 0.01 0.02 ND ND
SO3 ND ND 2.03 0.48
Total 99.57 93.69 101.3 94.48
LOI at 1025 °C 1.06 3.40 < 0.01 ND

2. Experimental materials and techniques

Three sets of white Portland cement/pulverized fly ash (wPc/pfa)
blended cement paste were used in the leaching experiments, i.e. one-
year-old paste of 70 wt% wPc-30% pfa (1Y-WP30), 13-years-old paste
of 70% wPc-30% pfa (13Y-WP30) and 13-years-old paste of 50% wPc-
50% pfa (13Y-WP50). The 13-years-old cement paste was made by
blending wPc (Aalborg, Denmark) with either 30% or 50% Class F pfa
(National Powder, West Burton, U.K.) at a water/solid ratio of
0.50(mL/g). The resolution of the NMR spectra was improved by the
removal of magnetic particles using the method described in [13]. The
paste was cast in 5mL polypropylene vials, sealed and cured at
25 *= 1 °Cin a water bath for four years, then collected and stored in a
desiccator. The 1-year-old wPc/pfa blended cement paste with 70% of
wPc (Ribble wPc 8108, Castle Cement Limited, U.K.) and 30% of Class F
pfa (Drax Power station, Selby, U.K.) was cast with the water/solid ratio
of 0.50 (mL/g), and the paste was then cured in a water bath at
25 + 1°C. The bulk oxide compositions of wPc and pfa used in the
study are shown in Table 1.

The paste was cut into 600 um thick slices with a slow-speed dia-
mond saw, placed on a stainless steel supporting frame, and then sub-
merged into a sealed and continuously stirred water bath containing
deionized water (liquid/paste mass ratio = 200), kept at room tem-
perature (25 = 1°C). A photograph of the samples and supporting
frame is shown in Fig. 1. Every five days, slices were collected and

Fig. 1. The apparatus for leaching experiments.
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stored in a vacuum desiccator for later characterization. The leachate
was replaced by fresh deionized water each time. The leaching ex-
periments of the 1Y-WP30 13Y-WP30 and 13Y-WP50 cement paste took
75 days, 45 days and 55 days, respectively. Due to the limited amount
of the 13-years-old pastes, the leaching experiment performed on those
two samples was not continued for as long as for the one-year-old paste.
This study involved multi-technique microstructural characterization,
including use of simultaneous thermal analysis (STA), powder X-ray
diffraction (XRD), scanning electron microscopy (SEM) with energy-
dispersive X-ray analysis (EDX), transmission electron microscopy
(TEM) with EDX, and solid-state 2°Si and %Al magic-angle spinning
(MAS) NMR. Whilst such an approach has obvious benefits, in that the
results from the different techniques provide complementary informa-
tion, it is nevertheless important to recognize that there are limitations
to the complementarity for inhomogeneous samples. The limitations
stem from the fact that whilst the XRD, NMR and STA are bulk tech-
niques that provide average information for a sample, the electron
microscopy techniques provide microstructural and microchemical data
that are specific to a particular location; this is discussed further below
and in Section 3.

Thermal analysis was performed using a Stanton Redcroft STA 1000
(U.K.) equipped with simultaneous thermogravimetric (TG) and dif-
ferential thermal analysis (DTA). Before loading, the sample was cru-
shed and ground to fine powder in an agate mortar. The sample was
loaded in a platinum crucible and was heated up to 1000 °C from 25 °C
at a rate of 20 °C/min, under a constant flow of nitrogen gas (BOC,
U.K.) at 58 mL/min. The amount of CH present in the sample was
calculated from the TG curve using the ‘tangent’ analysis method to
exclude mass loss due the concurrent dehydration of other phases [20].

The XRD measurements were performed using a Panalytical XPERT-
PRO diffractometer system (with X'Celerator real time multiple strip
detector), operated with Cu ka radiation at 40 mA and 45 kV. Before
loading the sample, the paste was crushed and ground into fine powder
in an agate mortar. The powder sample was mounted on a holder that
was spun at 2 revolutions per second and the XRD pattern acquired in
continuous scan mode over the range of 5 to 80° 26 with a step size of
0.0334° 20 (i.e. 2244 steps), leading the total acquisition time of about
1h.

Samples for examination by SEM were prepared as follows: The slice
of cement paste that had been dried in the vacuum desiccator was
impregnated with epoxy-resin (Epofix Kit, Struers, UK) under vacuum
and allowed to set for 1 day; it was demoulded and polished to a flat
surface using a polishing/grinding machine (PdM-Force20 mounted on
Struers Rotopol-35) using silicon carbide paper of two different grades
(500 pm and 1200 pm grit) and subsequently with diamond paste cloth
of 6, 3, 1, and % pum (Struers, U.K.); the polished surface was then
carbon coated in an EMSCOPE TB500 (U.K.) vacuum coating machine
with a thickness of 15 nm to avoid charging during SEM examination.
The SEM examinations were performed on a Carl Zeiss EVO MA15
variable pressure W SEM with Oxford Instruments INCA EDX system
with a 80 mm X-Max SDD detector. The modes used in the study were
backscattered electron imaging, EDX elemental mapping and EDX point
analysis. The microscope was operated at an accelerating voltage of
20 kv, with a working distance of 8 mm and a spot size of 5. The
magnification used in the study was 500 x. The sample preparation
procedure generally removed about 60 to 100 pm from the surface of
each section — although sometimes less — and so most EDX analyses
correspond to this approximate depth (an example is given in Section
3.2). However, four specimens of 1Y-WP30 were sectioned perpendi-
cular to the leached surface, thus enabling measurement of a Ca/Si ratio
depth profile for different leaching times (0, 15, 45 and 75 days); this
was not possible for the 13-year-old samples because of the limited
quantity available. Samples for examination by TEM were prepared as
follows: (i) The slice of cement paste was thinned by hand using 1200
grit silicon carbide paper to get a flat surface, which removed ap-
proximately 35 um of the section; (ii) the flat surface was glued to a
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Most of the sample removed
from this side leaving =30 pm
to be ion-beam milled.

30

Glass slide 50

Leached surface

Initial thinning from this side
removed =35 um to provide a
flat surface to stick to the glass slide.

Fig. 2. Schematic illustration of the TEM sample preparation procedure. The distances are
approximate i.e. the figure shows the TEM specimen corresponding to a depth into the
cement disk of 50 um although in practice it probably varied between 20-60 pum.

glass slide; (iii) polishing was continued using 1200 and 2400 grit si-
licon carbide paper until the sample was approximately 30 um thick;
(iv) the glue was dissolved using acetone and the sample ‘sandwiched’
between copper grids with a 3 X 1 mm hole in the middle; (v) the
sample was argon ion-beam milled (Model 1010 Ion Mill, Fischione
Instruments, PA, U.S.A.) using a liquid nitrogen cooled stage to avoid
specimen heating and consequent damage. The milling was performed
until a small hole was visible at the centre of the sample, which took
around 10-30h depending on the nature of the sample. The TEM
sample preparation procedure is illustrated in Fig. 2; it is evident that
the TEM specimens that were examined in this study corresponded to
an approximate depth into the cement disks of 50 pm, although in
practice it probably varied between 20-60 um. Each TEM specimen was
carbon coated using an Agar Turbo Carbon Coater equipped with an
Agar thickness monitor and stored in a desiccator prior to TEM ex-
amination to avoid carbonation. The TEM examinations were per-
formed on a FEI Tecnai TF20 TEM equipped with Oxford Instruments
INCA EDX system for nano-scale imaging and EDX analysis. Before
acquiring each EDX analysis, areas ostensibly of C-A-S-H were checked
for intermixing with crystalline phases using selected area electron
diffraction (SAED). The EDX analyses were taken randomly in the thin
area of the sample, at magnification of 17,500 X and spot size 8; ana-
lysis areas were kept at around 200 nm in diameter because a more
finely focussed electron beam causes spurious results due to beam da-
mage [21].

The solid-state 2°Si MAS NMR measurements were performed on a
Varian InfinityPlus 300 spectrometer (magnetic field 7.0 T; operating
frequency 59.5 MHz) equipped with Chemagnetics style MAS probes.
Before loading, the vacuum dried paste was ground into fine powder in
an agate mortar and evenly packed in a 6-mm diameter zirconia rotor
sealed with Teflon end caps. The 2°Si MAS NMR spectra were acquired
using a spinning speed of 7 kHz, pulse recycle delay of 5 s, pulse width
of 5 ps and acquisition time of 20 ms, with over 10,000 scans. The ?”Al
MAS NMR measurements were performed on a Varian VNMRS spec-
trometer (magnet field 9.4 T; operating frequency 104.198 MHz)
equipped with 4 mm pencil MAS probes. The spectra were acquired
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Table 2
Phases observed by XRD in the unleached 1Y-WP30, 13Y-WP30 and 13Y-WP50 cement
pastes and after 45 days and 75 days of leaching.

C-A- CH Belite AFt AFm Quartz mullite
S-H
Before 1Y-WP30 v v v v X v v
leaching  13Y-WP30 v v v v X v v
13Y-WP50 v x v 2 v v
After 1Y-WP30 v X v 2 v v
leaching (45 day)
1Y-WP30 v X X X X v v
(75 day)
13Y-WP30 v x v v X v v
(45 days)
13Y-WP50 v x v 2 v v
(45 days)

using a spinning speed of 14 kHz, pulse recycle delay of 0.2's, pulse
width of 1 ps and acquisition time of 10 ms, with over 7000 scans.

3. Results and discussion

3.1. Phase identification and quantification studied by XRD and thermal
analysis

The phases observed by XRD in the 1Y-WP30, 13Y-WP30 and 13Y-
WP50 cement pastes before and after leaching are indicated in Table 2.
The crystalline phases in the unleached cement paste included some
residual belite, quartz and mullite from the fly ash [22,23], AFt and CH,
which was the most abundant crystalline phase. The main hydration
product, C-A-S-H, is indicated on the diffraction pattern for the
unleached cement paste by diffuse peaks at about 3.0 and 1.82A.
Whilst some residual belite would be expected to be present in a neat
white cement paste after 1 year hydration at ordinary temperatures
(e.g. [24]), the hydration of belite has also been reported to be retarded
by the presence of fly ash particles (e.g. [25]). An AFm phase was not
observed by XRD but a peak assigned to it is present on the ?”Al NMR
spectrum (see Section 3.4), which indicates that any AFm was at best
poorly crystalline, perhaps due to the opposite charges on the main
layers in the structures of AFm and C-A-S-H producing strong mutual
attraction that results in interstratification and loss of long-range order
[26].

The XRD results show that after 45 days of leaching (i.e. after 9
replacements of deionized water) the CH had been dissolved completely
from all three types of cement pastes and the content of belite had also
decreased. CH with Kgp = 6.5 x 10~ % at 25 °C [27] is easily dissolved
by water and the decrease in the belite content was likely to be due to
secondary hydration because of the additional water [28]. AFt was still
detectable by XRD in all three of the cement pastes after 45 days of
leaching, however, it was absent after 75 days. The absence of AFt is
confirmed by the absence of a peak at =13 ppm on the *’Al NMR
spectrum (see Section 3.4).

Fig. 3 shows how the total CH content determined by TG varied
during the leaching process for the three cement pastes. Before
leaching, the 1Y-WP30 cement paste had the most CH (13.9%), fol-
lowed by the 13Y-WP30 paste (10.6%) and finally the 13Y-WP50 had
the least (6.3%) because of the lower amount of white cement in the
paste and the greater consumption of CH by the pozzolanic reaction.
The CH in all three pastes had been dissolved completely by 45 days of
leaching. The CH dissolution trend is largely consistent with that ob-
served by Girao [29], who also studied the leaching of 1-year-old wPc-
30% pfa blends using a very similar experimental arrangement: Girdo
found that the CH had dissolved by 4 weeks of leaching rather than the
5 weeks reported here, followed by the short-term reappearance of CH,
which was attributed to the hydration of residual belite.
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Fig. 3. The CH as a percentage of ignited weight determined by TG at different leaching
time in the 1Y-WP30, 13Y-WP30 and 13Y-WP50 cement pastes.

3.2. Evolution of structure and chemical composition at micro-scale studied
by SEM-EDX

The microstructure of the unleached 1Y-WP30 cement paste in-
cluded unhydrated cement and pfa particles, CH, C-A-S-H and porosity,
as illustrated in Fig. 4(a), which is a typical BSE image taken at 500 x
magnification; this is in agreement with the observations of Girao [29]
and Love [30] who both studied similar pastes. The CH is abundant in
the micrograph, which is consistent with the XRD and thermal analysis
observations, and anhydrous wPc grains are also present. In the
unleached 1Y-WP30 cement paste, the mean Ca/Si ratio of the analyses
that were identified microstructurally as likely to be C-A-S-H was
1.42 + 0.09 (n = 38); however, caution should be taken when inter-
preting the results of SEM-EDX analyses of hardened cement pastes
because hydration products are commonly intermixed at a scale that is
much finer than the X-ray generation volume [21], which is discussed
further below. Regions believed to be predominantly C-A-S-H were
identified by microstructure and grey-scale and the corresponding EDX
analyses include both Ip and Op C-A-S-H. Fig. 4(b) is a BSE image of a
region in the degraded layer of the 1Y-WP30 cement paste after 15 days
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of leaching. It shows that there was little CH left in that particular area
and greater porosity when compared to the unleached 1Y-WP30
sample. An equivalent micrograph for the paste after 45 days of
leaching is shown in Fig. 4(c). In this case, there is no CH evident, and
the wPc grains are fully hydrated. Fig. 4(d) shows a representative BSE
image of the degraded layer of the 1Y-WP30 cement paste after 75 days
of leaching (in this case, the microstructure is entirely zone 4, as de-
fined below), which demonstrates the general dry cracked land-like
microstructure (the large cracks are filled with resin). Cracks in ce-
mentitious material generally interconnect flow paths and increase
permeability [31]. A large amount of unreacted pfa was still evident in
the leached paste, especially those pfa particles that were iron-rich (as
analysed by EDX).

Fig. 5 presents typical BSE images of the unleached 13Y-WP30 and
13Y-WP50 cement pastes ((a) and (c)) and after 45 days of leaching ((b)
and (d)). The main phases in the sample with 30% pfa before leaching
(Fig. 5(a)) are the same as those of the one-year-old sample (Fig. 4(a)),
i.e. wPc grains, pfa, CH and C-A-S-H. However, the microstructure is
more homogeneous and compact due to further cement hydration [32].
Regions of CH are still evident in the micrographs for 13-years-old
samples, which is consistent with the presence of the CH in the TG and
XRD results (Section 3.1). It is evident on comparison of micrographs
for these two sets of blended cement pastes that there are more pfa
particles in 13Y-WP50 than in 13Y-WP30, as expected given the higher
pfa content and lower amount of CH available for reaction. Fig. 5(b)
and (d) show examples of the microstructures of the degraded layers of
the 13-years-old samples after 45 days of leaching. The microstructures
have changed significantly with a clear increase in porosity.

Fig. 6 presents the average Ca/Si atom ratio of analyses seemingly of
the C-A-S-H present in the unleached 1Y-WP30, 13Y-WP30 and 13Y-
WP50 cement pastes and from the degraded layer of the pastes after
different periods of leaching. As stated in Section 2, due to the nature of
the SEM sample preparation, the EDX analysis was performed ap-
proximately 60 to 100 um from the surface of each sample. Before
leaching, the average value in the 1Y-WP30 and 13Y-WP30 cement
pastes is close, i.e. Ca/Si = 1.42 + 0.09 (n = 38) and 1.43 = 0.04
(n = 30) respectively, which are statistically significantly higher than
that in the paste with 50% pfa (with Ca/Si = 1.32 + 0.09 (n = 22)).
The figure shows that during the first 5 days of leaching, the C-A-S-H at

Fig. 4. BSE images illustrating the microstructure of (a) the
unleached 1Y-WP30 cement paste, and after leaching times
of (b) 15days, (c) 45days, and (d) 75 days. Regions of
pulverized fly ash (PFA), white Portland cement (WPC),
calcium hydroxide (CH), C-A-S-H (CSH) and pores (Pore)
are labelled.
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Fig. 6. Average Ca/Si atom ratios for the 1Y-WP30, 13Y-WP30 and 13Y-WP50 cement
pastes observed by SEM-EDX phase analysis of C-A-S-H as a function of leaching time.

the sampled depth in all three pastes was essentially unaffected by the
leaching. Since the CH contents of the whole disks were much reduced
at 5 days, this suggests that the CH had started to be dissolved before
the C-A-S-H was affected. By 10 days of leaching, the C-A-S-H in the
13Y-WP30 and 13Y-WP50 cement pastes had started to be decalcified,
whilst it was still unaffected in the 1Y-WP30 cement paste, possibly due
to the larger amount of CH present initially in the 1-year-old sample,
which postpones decalcification of the C-A-S-H. The C-A-S-H at the
sampled depth in all the pastes leached for 15 days had experienced
significant decalcification, as at this stage the CH had been dissolved
thoroughly at this depth, as observed by SEM imaging. Longer leaching
times resulted in only modest further reduction in the Ca/Si ratio for
the 13-year-old samples, although it was not possible to evaluate
whether it had already reached the C-A-S-H decalcification limit due to
the limited amount of those samples available, which was insufficient to
extend the experiments beyond 45 days of leaching. In contrast, the
leaching experiment was continued for a much longer period for the 1Y-
WP30 cement paste: after 55 days of leaching, the Ca/Si ratio had de-
creased to 0.65 + 0.06 (n = 40). Afterwards, the Ca/Si atom ratio did
not change significantly, and after 75 days of leaching it was
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Fig. 5. BSE images illustrating the microstructures of the
unleached 13Y-WP30 and 13Y-WP50 cement pastes (Fig.
(a) and (c) respectively), and after 45 days of leaching ((b)
and (d)). Regions of pulverized fly ash (PFA), white
Portland cement (WPC), calcium hydroxide (CH), C-A-S-H
(CSH) and pores (Pore) are labelled.

0.62 = 0.07 (n = 33), suggesting that the C-A-S-H decalcification was
approaching a constant value, consistent with work on the leaching of
synthetic C-S-H using demineralised water [33].

As noted, the results reported in Fig. 6 correspond to a sampling
depth of = 60-100 um. In contrast, Fig. 7 shows Ca/Si ratios measured
at different depths by SEM-EDX for the ‘C-A-S-H’ present in the 1Y-
WP30 paste leached for 0, 15, 45 and 75 days. Unsurprisingly, the Ca/Si
ratio in the unleached paste (/\) is essentially constant throughout the
thickness of the section, matching the value reported above that was
determined using a section cut parallel to the face of the disk. The
profile for the sample that had spent 15 days in the water bath (O)
reveals clearly the effects of leaching on the C-A-S-H: The Ca/Si ratio at
the surface had been reduced to about 0.93; it then increases linearly
with distance into the disk, reaching the same value as the unleached
paste at a depth of about 170 um. 45 days in the water bath (@) resulted
in a further decrease in the Ca/Si at the surface to about 0.63; again, it
then increases linearly with distance into the disk, reaching the same
value as the unleached paste at a depth of about 270 um. It is notable
that the gradient in the Ca/Si ratio was essentially the same at 45 days
as at 15 days, with the Ca/Si ratio in both cases reducing from the
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Fig. 7. Ca/Si ratio profiles measured by SEM-EDX for the C-A-S-H present in the 1Y-WP30
paste leached for 0 (A), 15 (O), 45 (@) and 75 days (A). Each data point is from a single
EDX analysis of an area that appeared microstructurally to be C-A-S-H. Data points used
for the regression analysis are indicated using a Xx.
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depth. Data points used for the regression analysis are indicated using a X.

unleached value of 1.43 by = 0.3/100 um. No further significant re-
duction was observed in the Ca/Si ratio at the surface with additional
time in the water bath; the Ca/Si ratio profile appears to have simply
progressed through the thickness of the disk until there was a constant
value of about 0.61, as shown in Fig. 7 for 75 days (A). It is thus
evident that increasingly longer times in the water bath resulted in a
Ca/Si ratio profile of essentially fixed gradient that moved through the
thickness of the sample; the maximum width of this zone was about
270 pm.

Comparison of the data in Fig. 6 with the profiles in Fig. 7 suggests
that the sampling depth at 15 days was quite deep (= 100 um), whereas
at 45 days it was probably quite shallow (= 50 pm).

The movement of this profile through the sample with progressive
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leaching of calcium resulted in microstructural changes that are use-
fully categorized as 5 zones. Three of these zones are illustrated in
Fig. 8, which includes a replot of the Ca/Si ratio profile for the 15-day
sample from Fig. 7, together with the corresponding BSE image of the
region (where the surface exposed to water is on the left-hand side) and
a binary mask that shows large areas of calcium hydroxide in the image
(derived using the greyscale histogram from the BSE image). The hor-
izontal dotted line in Fig. 8(c) represents the mean Ca/Si ratio of the C-
A-S-H in the unleached paste determined by SEM-EDX (using a sample
that had been taken parallel to the surface), namely 1.42 (standard
deviation = 0.09, number of analyses, n = 38). It is probable that this
value was affected by intermixing of the C-A-S-H with other phases and
that the true value for the C-A-S-H is slightly smaller, as observed
previously by TEM-EDX for a similar system [13]. The short-dash line is
the result of the linear regression fit to the data points that are marked
with a cross: the equation is Ca/Si = 0.9358 + 0.0028(depth);
r* = 0.89. As noted above, it is evident that starting from the value of
the unleached C-A-S-H, the Ca/Si ratio reduces linearly with distance as
the surface that is exposed to water is approached; the gradual leaching
of calcium from the surface of the disks resulted in the five micro-
structural zones (0 to 4, in part illustrated in Fig. 8), which correspond
to the following features:

Zone 0: Unleached.

Zone 1: A reduced quantity of Ca(OH), but the C-A-S-H is un-
affected.

Zone 2: No large crystals of Ca(OH), and the C-A-S-H is unaffected.

Zone 3: No Ca(OH), and the Ca/Si ratio of the C-A-S-H is lower than
in the unleached paste; the Ca/Si ratio reduces linearly with distance
from zone 2, reducing from the unleached value of 1.43 by = 0.3/
100 pm.

Zone 4: No Ca(OH), and the Ca/Si ratio of the C-A-S-H reduced to
about 0.6; this zone is only present after significant leaching.

With reference to these five zones, the following terms are defined
that are used in the discussion:

(i) The ‘degraded layer’ comprises zones 1 to 4 i.e. it is the part of the
disk where there is evidence of microstructural alteration due to
leaching;

(i) the ‘CH dissolution depth’ comprises zones 2 to 4 i.e. it is the dis-
tance into the disk where there are no longer any large crystals of
Ca(OH), present (i.e. crystals that are sufficiently large to be re-
solved by BSE imaging); and

(iii) the ‘C-A-S-H decalcification depth’ corresponds to zones 3 and 4 i.e.
it is the distance into the disk where a detectable quantity of cal-
cium has been removed from the C-A-S-H.

For the 1Y-WP30 cement paste, the C-A-S-H decalcification depth
was 170 pm after 15 days leaching and 270 um after 45 days; the CH
dissolution depth was 200 pm after 15 days and 300 pum after 45 days
i.e. throughout the thickness of the slice, which is consistent with the
absence of CH in the TG data for this paste, as shown on Fig. 3. Dec-
alcification of C-A-S-H must occur after the dissolution of large CH
crystals (because the decalcification depth is shallower than the CH
dissolution depth), which agrees with previous experimental and
modelling investigations of cement paste leaching [34,35].

Fig. 8 (a) is a typical BSE image of the cross section of the 1Y-WP30
cement paste after 15 days of leaching. The same zoning as observed for
the 1-year-old paste was also observed for the 13-year-old sample,
which is illustrated in Fig. 9. Fig. 9(a) is a plot of leaching time against
the C-A-S-H decalcification depth (@) and the CH dissolution depth
(MD. The shading indicates the approximate depths of sampling for
measurement of Ca/Si ratios for both TEM and SEM, the latter being
generally slightly deeper. Fig. 8(c) shows that the Ca/Si ratio of the C-A-
S-H in zone 3 of the 1-year-old paste reduced linearly with distance
from the interior of the disk to the leached surface and there is no
reason to suppose that the situation was any different for the 13-year-
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Fig. 9. (a) A plot of leaching time against the C-A-S-H
decalcification depth (@) and the CH dissolution depth
(M) for the sample 13Y-WP30. The shading indicates the
approximate depths of sampling for measurement of Ca/Si
ratios for both TEM and SEM, the latter being generally
slightly deeper. (b) A schematic representation of cross
sections through the central approximate third of the ce-
ment paste disks at each leaching time. Light blue = zone

3; dark blue = zone 2; grey = zones 1 and 0 (the micro-
structural zones are explained in Section 3.2). (For inter-

pretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Table 3

Mean Ca/Si and Al/Si ratios of the C-A-S-H present in the 13Y-WP30 samples as de-
termined by TEM-EDX and the mean Ca/Si ratios for analyses nominally of C-A-S-H de-
termined by SEM-EDX analysis. s.d. = standard deviation and n is the number of ana-
lyses. The error bars on the figure correspond to = 1 s.d.

TEM SEM

Leaching time n  Mean s.d. MeanAl/ sd. n Mean s.d.
(days) Ca/Si Si Ca/Si

0 48 1.37 0.11 0.19 0.03 30 1.43 0.04
5 39 1.32 0.12 0.20 0.03 41 1.41 0.04
10 37 1.10 0.07 0.20 0.02 25 1.28 0.09
15 48 1.04 0.09 0.20 0.05 41 1.08 0.05
25 48 0.95 0.08 0.22 0.05 28 1.09 0.04
35 38 0.85 0.09 0.24 0.03 35 0.93 0.04

old sample. Since the specimens used for TEM were closer to the surface
than those for SEM (as discussed in Section 2 and as indicted in
Fig. 9(a)), the values determined by TEM-EDX would be expected to be
lower than those determined by SEM-EDX, which is indeed as was
observed: the mean Ca/Si ratios, standard deviation and number of
analyses are given in Table 3. Since the analysis in the TEM measures
the composition of the C-A-S-H free of intermixture with other phases,
the mean Ca/Si ratio of the C-A-S-H present in the unleached paste can
be taken to be 1.37. The line on Fig. 9(a) that corresponds to the C-A-S-
H decalcification depth (@) thus represents a compositional boundary:
C-A-S-H to the right of this line would have mean Ca/Si = 1.37 (i.e. in
zones 2, 1 and 0), and that to the left would have mean Ca/Si < 1.37.
It is thus clear from inspection of Fig. 9(a) that at short leaching times,
the Ca/Si ratios measured by SEM-EDX do not relate to a part of the
sample where calcium has been leached from the C-A-S-H, i.e. zone 3;
whilst the difference between the mean Ca/Si ratios given in Table 3 for
0 and 5 days is statistically significant, both values are > 1.37 and must
correspond to zone 1 microstructure.

Fig. 9(b) is a schematic representation of cross sections through the
central approximate third of the 13Y-WP30 cement paste disks at each
leaching time (light blue = zone 3; dark blue = zone 2; grey = zones 1
and 0). It is very clearly evident from this figure why the results from
the STA and NMR experiments — which are for whole disks, and thus
represent average information — cannot generally be related directly to
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the TEM-EDX and SEM-EDX microchemical data, which correspond to
particular depths, as described above.

3.3. Evolution of structure and chemical composition as revealed by TEM-
EDX

A typical TEM image of partially hydrated pfa from the 13Y-WP30
cement paste is shown in Fig. 10(a). Foil-like Ip C-A-S-H is present in
the reacted pfa particle that is evidently lower density than the fine
homogeneous product that is typical of Ip in reacted alite particles
[36-38], which is illustrated in Fig. 10(b). The inner core of the pfa
particle is surrounded by denser Op C-A-S-H. Many partially reacted pfa
particles were observed in the 13-year-old sample. Fig. 11(a) illustrates
the foil and net-like Op C-A-S-H from the degraded surface of the 13Y-
WP30 cement paste after 45 days of leaching. The transformation from
a mixed fine-fibrillar/foil-like morphology for Op C-A-S-H before
leaching to a coarser foil and net-like morphology after leaching, is
associated with the loss of Ca ions from the interlayer region of the C-A-
S-H structure and lengthening of the aluminosilicate chains. Fig. 11(b)
shows decalcified C-A-S-H intermixed with long, coarse fibre-like Op C-
A-S-H, which was perhaps formed during the secondary hydration and
coarser than usual because of the greater amount of space available for
growth because of the leaching (the morphology of Op C-A-S-H depends
on the space that is available for it to form [36,38]).

Fig. 12(a) is a typical micrograph for the unleached 13Y-WP50
sample, which shows examples of partially unreacted and glassy fly ash,
fine fibrillar Op C-A-S-H, as well as foil-like Ip C-A-S-H formed in the
pfa. A typical TEM image of the 13Y-WP50 cement paste after 55 days
of leaching is presented in Fig. 12(b), which includes a number of fully
hydrated pfa grains. Such features are not common in unleached pastes,
which suggests that water leaching had induced further hydration of
the pfa. It also illustrates the variable morphology of Ip C-A-S-H in
hydrated pfa, which is not easily done with unleached pastes because
the degree of hydration is generally not sufficient. The different
morphologies are possibly caused by variations in the chemical com-
position and reactivity of glassy pfa; as Diamond pointed out, pfa par-
ticles within the same type of pfa can have different compositions [39].
The Ip C-A-S-H in the hydrated pfa particle labelled 1 on Fig. 12(b) has
a fine, homogeneous morphology that is similar to that formed in neat
Portland cement pastes, whilst it is less homogeneous in particle 2.
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Fig. 10. TEM images from the unleached 13Y-WP30 cement paste showing: (a) partially
hydrated pfa with low density foil-like Ip C-A-S-H and fine fibrillar Op C-A-S-H; (b) hy-
drated wPc with compact and homogeneous Ip C-A-S-H and fine fibrillar Op C-A-S-H.

Other phases are intermixed with the C-A-S-H in particles 3 to 5; in
particular, the needle-like features that are prominent in particle 3
analysed as being high in Mg and Al, and so can be identified as a
hydrotalcite-like phase.

The results of TEM-EDX analyses of Ip and Op C-A-S-H in the
unleached 13Y-WP30 cement paste are plotted on a CaO-Al,05-SiO,
ternary diagram in Fig. 13(a). The diagram clearly shows that the Ca/Si
atom ratio of Ip and Op C-A-S-H is similar; the mean value for all
analyses of C-A-S-H is 1.37 = 0.11 (n = 48), Table 3. Mean values
ranging between 1.32 and 1.38 were obtained for samples of the same
paste at 1, 4, 9 and 13 years old [13,32], with some statistically sig-
nificant differences that do not correspond to advancing age. Since the
% CH was observed to reduce with time, indicating increased hydration
of the pfa, the conclusion must be that there is some real variability
within individual samples that results in sampling error between TEM
specimens, although the differences are smaller than those between
companion TEM-EDX and SEM-EDX analyses. The Ca/Si atom ratio
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Fig. 11. TEM images from the 13Y-WP30 cement paste after 45 days of leaching illus-
trating (a) foil and net-like decalcified Op C-A-S-H; and (b) decalcified short C-A-S-H
intermixed with long coarse fibrillar Op C-A-S-H.

observed by TEM-EDX is slightly lower than that observed by SEM-EDX
because the SEM-EDX has a larger X-ray generation volume, resulting in
analyses of C-A-S-H intermixed with other phases. The TEM-EDX ana-
lyses of Ip and Op C-A-S-H on the degraded surface of the 13Y-WP30
cement paste after 45 days of leaching are plotted on a CaO-Al,03-SiO,
ternary diagram in Fig. 13(b). It is evident that the points are more
scattered than those for the unleached sample, indicating that the C-A-
S-H is more inhomogeneous.

Fig. 14(a) shows the CaO-Al,05-SiO, ternary diagram of the C-A-S-H
in the unleached 13-WP50 cement paste. The diagram indicates that the
presence of the intermixture of CH with C-A-S-H, as there is a trend line
in the direction of CH. As for the paste with 30% pfa, the average Ca/Si
atom ratio measured by TEM-EDX (1.26 * 0.12; n = 25) is sig-
nificantly lower than that analysed by SEM-EDX (1.32 = 0.09,
n = 36), presumably for the same reason. TEM-EDX analyses of the C-
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Fig. 12. TEM images of (a) the unleached 13Y-WP50 cement paste showing partially
hydrated fly ash grains, fine fibrillar Op C-A-S-H, and foil-like Ip C-A-S-H; and (b) the
degraded surface of the 13Y-WP50 cement paste after 55 days of leaching illustrating the
variable morphology of fully hydrated pfa grains, which are indicated with white-dotted
circles.

A-S-H in the 13-WP50 cement paste after 55 days of leaching are shown
in Fig. 14(b). Comparison with Fig. 14(a) shows that the Ca/Si ratio
decreased dramatically upon leaching; the mean value is 0.68 = 0.05
(n = 45).

3.4. Evolution of nanostructure studied by solid-state MAS NMR

The evolution of the nanostructure upon leaching was followed by
MAS NMR. Fig. 15 shows the 2°Si MAS NMR spectra for the unleached
pastes and after leaching for various times: Fig. 15(a) is for 1Y-WP30,
(b) is for 13Y-WP30, and (c) for 13Y-WP50. The sharp peak at around
— 71.3 ppm on the spectra for the unleached pastes is due to unreacted
belite [40], and a small broad peak at around — 73.5 ppm is assigned to
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Fig. 13. Ca0-Al,053-SiO; ternary diagrams for TEM-EDX phase analysis of the C-A-S-H in
the 13Y-WP30 cement paste before leaching (a) and after 45 days of leaching (b).

hydrated monomer, Q°(H) [41]. In addition, two of the eleven spectra
appear to have a small, sharper peak superimposed on the Q°(H), which
has been assigned previously for similar pastes to y-C»S [37,40]. Three
main peaks are assigned to the C-A-S-H, i.e. Q' (end chain groups or
dimer), Q2 (chain middle groups), and Qz(lAl) (chain middle groups
with one neighbouring Si substituted by Al), which are at approxi-
mately — 79 ppm, — 80.7 ppm and — 81.5 ppm, respectively [42-44].
Finally, the broad peak at — 103 ppm is due to the glassy pfa [29]. In all
cases, the spectrum for the paste after 15 days of leaching is similar to
that for the unleached cement paste, except that the intensity of the
belite Q° peak has decreased as a result of secondary hydration. Whilst
the central part of the cement disks used for NMR analysis would have
been unaffected by the leaching (as demonstrated on Fig. 9(b)), the
close similarity of the spectra for the 15-day and unleached samples
suggests that the aluminosilicate anion structure of the C-A-S-H present
in the leached parts was also unchanged despite the fact that the Ca/Si
ratio was much reduced, from 1.37 to 1.04 at the depth sampled in 13Y-
WP30, Table 3. This indicates that it is possible to remove much in-
terlayer Ca without disturbing the aluminosilicate structure. This sce-
nario is modelled on Fig. 16, which shows TEM-EDX data for outer
product C-A-S-H free of intermixture with other phases plotted as mean
Al/Ca atom ratio against Si/Ca ratio; the error bars correspond to +
1 standard deviation. The figure includes data for the C-A-S-H in
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Fig. 14. Ca0-Al,05-SiO, ternary diagrams for TEM-EDX phase analysis of the C-A-S-H in
the 13Y-WP50 cement paste before leaching (a) and after 55 days of leaching (b).

unleached Pc-pfa systems (filled circles), reported previously in Fig. 10
of [13]. The dashed line and the equation are the result of the linear
regression analysis of those data. Richardson et al. [13] noted that this
linear relationship is essentially the same as determined previously for
the C-A-S-H present in ggbs-based systems [45], thus suggesting
strongly that it is a compositional relationship that is universal for C-A-
S-H that is present in cement blends that incorporate aluminosilicate-
rich supplementary cementitious materials. The data for the leached
13Y-30 samples are represented by unfilled squares, the labels in-
dicating the number of days that they were submerged in water. As
expected, the data point for the unleached blend is close to the re-
gression line, as is the point for the 5-day sample, consistent with the
effects of leaching at that age not having penetrated to the depth
sampled by TEM. The data points for the 10- and 15-day leached
samples are close to the thick grey line, which shows the effect of
progressively removing Ca from the unleached sample with no change
in Al or Si i.e. without lengthening of the aluminosilicate anions. The
thick black line also corresponds to removal of Ca, but from the 15-day
sample instead of the unleached sample, and with the simultaneous
addition of Si and Al (in the ratio Si:Al = 2.22) i.e. polymerization of
the aluminosilicate chains. It is evident that this simple modelling
supports the view that initial removal of Ca from the C-A-S-H does not
affect the aluminosilicate structure, lengthening of the chains occurring
only when the Ca/Si ratio is reduced to below about 1.

After 45 days of leaching, the spectra on Fig. 15 for all three cement
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systems have changed significantly and are similar to one another, in-
dicating a dramatic lengthening of the aluminosilicate in all cases,
which is associated with a further reduction in Ca/Si ratio of the C-A-S-
H (from 1.04 to 0.85 at the depth sampled in 13Y-WP30, Table 3).
Further leaching resulted in the appearance of two extra peaks, i.e.
Q3(1Al) and Q3, although they are not sufficiently well resolved to
decide whether they are due to cross-linking of chains in the C-A-S-H, or
alternatively due to the formation of a hydrated alumino-silica gel. If
the former, their appearance has been considered previously to be a
result of the loss of Ca ions from the interlayer of the C-A-S-H with the
formation of hydroxyl groups and then crosslinking [46,47]. The in-
tensity of Q° on Fig. 15(a) is much reduced on the spectrum for 45 days
of leaching and is absent on the one for 75 days, indicating that the wPc
was fully hydrated, which is consistent with the XRD and SEM results.
Unfortunately, it is difficult to quantitatively evaluate the relative
amounts of each Q" species due to the complex overlap between the
peaks, which is partially due to the range of environments present in
poorly ordered C-A-S-H and the consequent chemical shift dispersion
[48], and partially due to the inhomogeneous chemical compositions of
the C-A-S-H inherent in the leached samples.

Fig. 17(a) shows the Al NMR spectra for the unleached 1Y-WP30
cement paste and after 75 days of leaching. The spectrum for the
unleached paste has five peaks with maxima at = 69 ppm, = 35 ppm,
~13.3 ppm, = 9.9 ppm and = 4.5 ppm. The peak at = 69 ppm prob-
ably has contributions from Al present in the unreacted pfa [49] and Q>
bridging tetrahedra of aluminosilicate chains of the C-A-S-H; the peak
at = 35 ppm has been assigned to Al>* ions present in the interlayer of
the C-A-S-H structure substituting for Ca?™ ions [50,51]. The re-
sonances at = 13.3 ppm and = 9.9 ppm are due to octahedrally co-
ordinated Al in the AFt and AFm phases respectively [51]. Andersen
et al. [52] tentatively ascribed the resonance at = 4.5 ppm to a poorly
ordered aluminate hydroxide or calcium aluminate hydrate, produced
as a nanostructured surface precipitate on the C-S-H or as separate
phase, which they called the third aluminate hydrate (TAH) (because it is
formed in addition to AFt and AFm), whilst Sun et al. [44] considered
that it occurs in the C-A-S-H interlayer (and perhaps on particle sur-
faces) - together with Al'®! - charge-balancing Al'™ at Q? bridging sites
through A1"'-0-A1'>! linkages. There are two readily observed peaks
in the spectrum for the 1Y-WP30 cement paste after 75 days of
leaching: a very broad Al peak centred at ~ 58 ppm, and a second,
narrower Al'® peak at = 9.9 ppm, which is presumably due to some
residual AFm, the AFt and TAH having been removed entirely upon
prolonged leaching. A resonance at = 58 ppm has been assigned pre-
viously to the Al"™ in Q2 sites in C-A-S-H [44,46,53], although the
breadth of the peak in this case suggests that there are multiple con-
tributions e.g. from unreacted pfa, Al at Q? bridging sites in C-A-S-H,
and possibly also from a hydrated alumino-silica gel. The AlI®' peak
observed on the spectrum for the unleached paste (assigned to Al®*
substituting for interlayer Ca?* ions in the C-A-S-H [54]) is absent at
75 days, consistent with the removal of interlayer Ca®>* ions upon
leaching [44]. The Alte! peak ascribed to TAH is also absent.

Fig. 17(b) shows the Al NMR spectra for the unleached 13Y-WP30
cement paste and after 45 days of leaching. Comparison of the spectrum
for the unleached paste with that of the unleached 1Y-WP30 cement
paste (Fig. 17(a) bottom) indicates that the amount of AFt is reduced
relative to the AFm (and TAH), which is consistent with the conversion
of AFt to AFm upon additional reaction of aluminate or ferrite after the
depletion of calcium sulfate. The spectrum for the paste at 9 years old
that is given in Fig. 2 of [13] appears to be at an intermediate stage,
thus indicating that changes in the aluminates continued between 9 and
13 years. There are no peaks for Al® or TAH on the spectrum for the
paste after 45 days of leaching, thus revealing that they are more
readily removed upon leaching than either AFm or AFt, perhaps sup-
porting Sun et al.'s [44] view that both peaks are associated with Al in
the interlayer or on particle surfaces of C-A-S-H.

Fig. 17(c) shows the ?”Al NMR spectra for the unleached 13Y-WP50
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Fig. 15. 2°Si solid state MAS NMR spectra for the (a) 1Y-WP30, (b) 13Y-WP30 and (c) 13Y-WP50 cement pastes before leaching and at various leaching time.
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Fig. 16. TEM-EDX data for outer product C-A-S-H free of intermixture with other phases
plotted as mean Al/Ca atom ratio against Si/Ca ratio; the error bars correspond to = 1
standard deviation. The figure includes data for the C-A-S-H in unleached PC-pfa systems
(filled circles), reported previously in Fig. 10 of [13], and the data for the leached 13Y-30
sample (unfilled squares), the labels indicating the number of days that the samples were
submerged in water for the leaching experiments. The lines are explained in the text.

cement paste and after 55 days of leaching. The spectrum for the
unleached paste is similar to those for the 1Y-WP30 and 13Y-WP30
pastes, with the same peak assignments but differing relative in-
tensities. As with the paste with 30% pfa, the spectrum for the
unleached 13Y-WP50 paste appears to be a progression from the
spectrum at 9 years old (that is given in Fig. 2 of [13]), again indicating
that changes in the aluminates continued between 9 and 13 years.
Leaching again resulted in complete removal of the peaks assigned to
AI®! and TAH, and to a reduction in the relative intensities of those
assigned to AFt and AFm relative to the broad Al'* peak.

4. Summary and conclusions

Results are reported on the micro- and nano-structural effects of
progressively leaching (in deionized water) thin slices (600 pm) of
white Portland cement-low calcium pulverized fuel ash (pfa) blended
cement pastes containing 30 or 50% pfa. The paste with 50% pfa was
aged 13 years prior to leaching and those with 30% pfa were aged 1 and
13 years. Pastes were leached for up to 75 days. The gradual leaching of
calcium from the surface of the disks resulted in five microstructural
zones, which correspond to the following features:

Zone 0: Unleached.

Zone 1: A reduced quantity of Ca(OH), but the C-A-S-H is un-
affected.

Zone 2: No large crystals of Ca(OH), and the C-A-S-H is unaffected;
the microstructure of the cement paste is more porous.

Zone 3: No Ca(OH), and the C-A-S-H has a lower Ca/Si ratio than in
the unleached paste; the aluminosilicate structure is unaffected until
the Ca/Si is reduced to = 1.0 and further reduction is associated with
lengthening of the chains. In the 1-year-old pastes studied, the Ca/Si
ratio measured by SEM-EDX reduced linearly with distance from zone
2, reducing from the unleached value of 1.43 by = 0.3/100 um.

Zone 4: No Ca(OH), and the Ca/Si ratio of the C-A-S-H reduced to
about 0.6; this zone is only present after significant leaching.

With reference to these five zones, the following useful descriptive
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Fig. 17. 27Al solid state MAS NMR spectra for the (a) 1Y-WP30, (b) 13Y-WP30 and (c) 13Y-WP50 cement pastes before leaching and after leaching.

terms can be defined as:

(i) The ‘degraded layer’ comprises zones 1 to 4 i.e. it is the part of a
sample where there is evidence of microstructural alteration due to
leaching;

(ii) the ‘CH dissolution depth’ comprises zones 2 to 4 i.e. it is the dis-
tance into a sample where there are no longer any large crystals of
Ca(OH), present (i.e. crystals that are sufficiently large to be re-
solved by BSE imaging); and

(iii) the ‘C-A-S-H decalcification depth’ corresponds to zones 3 and 4 i.e.
it is the distance into a sample where a detectable quantity of
calcium has been removed from the C-A-S-H.

27Al NMR data showed that Al and TAH were more readily re-
moved upon leaching than either AFm or AFt, perhaps supporting Sun
et al.'s [44] view that both are associated with Al in the interlayer or on
particle surfaces of C-A-S-H.
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