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Abstract Conventional Portland cement-based systems have been considered un-
suitable for immobilising nuclear wastes containing reactive metals, such as alu-
minium, due to the high pH of the pore solution (usually around 12.5) and free
moisture. On the contrary, calcium sulfoaluminate cement (CSA) produces a low-
er pH (10.5-12) environment and has an excellent water binding capability as a re-
sult of the formation of its main hydration product, ettringite. Therefore, it offers a
good potential to immobilise aluminium. However, the pore solution pH and
ettringite formation depend largely on the raw materials used to formulate the
CSA, which is usually a blend of 75%-85% of CSA clinker and 15-25% of calci-
um sulfate (in the form of gypsum or anhydrite). In this paper, it was found that,
compared to anhydrite, gypsum (15%wt of the blend) demonstrated the highest
reduction in the corrosion of embedded Al, possibly due to its lower initial pH
(around 10.5) and self-desiccating nature at the early stage of hydration. Whilst
the CSA/anhydrite had a higher Al corrosion rate, the initial set was more ac-
ceptable than CSA/gypsum. Nonetheless, overall, it was concluded that CSA with
gypsum (15%wt) should be considered as a base formulation for the encapsulation
of Al waste. The unfavorable rapid set and high heat generation, however, demon-
strated that modifications are required, potentially by using mineral additions.

1. Introduction

For the past few decades, Portland cement (PC) based systems have been used by
the UK nuclear industry to immobilise many types of low and intermediate nucle-
ar wastes. Compatible wastes are solidified in 500 litre stainless steel drums using
a composite formulation, typically 10% PC with 90% blast furnace slag (BFS)
The addition of BFS is necessary to reduce the high internal temperatures (and

hence the stress) that can result from large pours. Nonetheless, since the opening



of the first cementation plant in the 1980s, studies have been ongoing to assess al-
ternative options for dealing with incompatible legacy waste. Of these wastes, the
most problematic are aluminium and uranium which corrode in the high pH/high
moisture environment of conventional PC-based systems. Aluminium, for exam-
ple, is only passive (i.e. no corrosion occurs) between pH 4 and 8.5.

Calcium sulfoaluminate cement (CSA) has been recognised as a potential al-
ternative to PC, in particular, for immobilising aluminium . In the presence of
calcium sulfate and water, CSA clinker rapidly hydrates to form ettringite as the
main hydration product. Unlike PC, calcium hydroxide is only produced in small
amounts (from C,S hydration, if C,S is present) therefore the pH of the pore solu-
tion is considerably lower (values as low as 10.5 have been reported). Recent stud-
ies on CSA cement have demonstrated the effects of gypsum and anhydrite on
cement hydration . Gypsum for example, is a more reactive form of calcium
sulfate and will rapidly react with CSA to form ettringite and gibbsite.

C4A3S + 2CSH2 +34H — C3A -3CS-32H + 2AH3 (1)
ettringite gibbsite

The use of gypsum may be desirable if rapid setting/strength development is re-
quired. However, this can lead to a higher heat output which is not desired for
large pours (such as nuclear waste immobilisation). Anhydrite on the other hand,
is less reactive, leading to longer setting times and better ettringite formation in
the long-term [6].

C4AsS +2CS +38H — C3A - 3CS - 32H + 2AH,; )

Without sulfate addition, CSA hydrates to form metastable calcium monosul-
foaluminate (monosulfate) and gibbsite as the main hydration products |[7].

CiAS + 18H — C5A - CS - 12H + 2AH; 3)

monosulfate

However, monosulfate could potentially convert to ettringite (in the presence of
free sulfate ions), causing potential expansion at later ages. Therefore, careful con-
sideration of the type and quantity of calcium sulfate is necessary to ensure maxi-
mum/stable ettringite formation, so to bind as much free water as possible.
Preliminary studies in the literature @ have demonstrated the potential of
CSA for encapsulating nuclear wastes containing Al. The aim of this paper is to
expand on a previous study by the authors , to investigate the corrosion per-
formance of embedded aluminium metal in the CSA matrices formulated with dif-
ferent types of calcium sulfate (gypsum and anhydrite) in order to identify the
most suitable formulation for immobilising nuclear wastes containing aluminium.



2. Experimental
2.1. Materials

The CSA used for this study was ‘Type II’ CSA clinker (a CSA with coarser fine-
ness) obtained from Hanson UK. This particular clinker consists of 71-75%
ye’elimite (C4A;3S5) and 14-18% belite (C,S) as the main phases. Minor phases
such as anhydrite (CS), mayenite (C;,A) and perovskite (CaT) were also detected
(Fig. 1). The coarser grain size of Type II (390 m*/kg fineness) was expected to be
less reactive, thus reducing heat output and prolonging setting times (a require-
ment for waste encapsulation) . Gypsum powder (assay 99%) was obtained
from Saint-Gobain UK and anhydrite powder (94% purity, 5% CaF,, 0.5-2.0%
CaO) was obtained from Francis Flower UK.
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Fig. 1 X-ray diffractogram of Hanson CSA clinker

The aluminium metal used in this study was grade 1050A H14 (dimensions
50x30x5 mm) supplied by Aalco UK. This particular grade was chosen based on
consultation with the UK nuclear industry . For corrosion testing, a reference
PC-based cement paste was prepared using PC (CEM1 42.5) with a high replace-
ment (90%wt) with ground granulated blastfurnace slag (GGBS) at a water:solid
(w/s) ratio of 0.5 (which gave a mini-slump of 80 £ 5 mm).

2.2. Test methods

2.2.1 Mini slump

The mini slump test can give a quick indication of the workability of fresh paste
and is a useful tool for determining the minimum amount of water for achieving a
desired workability. For the encapsulation of metals such as aluminium, the water
content of any cement must be at a minimum. After consultation with industry
, a mini slump value of 80 £ 5 mm was considered acceptable. Mini slump
tests were carried out on CSA with 0, 15, 20, 25 and 30wt% of CSA replaced by



different types of calcium sulfate (with the mini slump measurement maintained at
80 + 5 mm across all the samples).

2.2.2. Heat of hydration

To determine the optimum level of calcium sulfate, a calorimetry study was car-
ried out on CSA formulations established through the mini slump tests. A multi-
channel (TA instruments) isothermal conduction calorimeter (ICC) was used to
study the heat of hydration of the cement pastes at 20°C over a 5-day period.

2.2.3  Characterisation of cement pastes

The hydration products of each of the pastes were characterised using X-ray dif-
fraction (XRD) analysis. Knowledge of the phase assemblage in the hydrated CSA
pastes is necessary to understand the corrosion behavior of embedded aluminium.

2.24 pH measurement

The pH of the fresh and hardened pastes was measured using a double junction
‘sleeve type’ glass pH electrode (ROSS). For the fresh pastes, the electrode was
inserted directly into the cement paste sample and monitored continuously before
reaching initial set (Fig. 2). For the hardened pastes, a solution of 1 part hydrated
cement (ground to 63microns) to 10 parts distilled water was prepared and stirred
in a rotating stirrer for 24 hrs. The solid particles were separated from the solution
using a centrifuge and the pH of the liquid containing the dissolved ions was then
measured.

2.2.5 Corrosion testing

For this study, a tailored test cell was developed to house the cement-Al speci-
mens for corrosion experiments (Fig. 3). A three-electrode configuration was
adopted to facilitate the measurement of polarisation resistance, R,. Using this pa-
rameter, the instantaneous corrosion rate of embedded aluminium could be calcu-
lated using the Stern-Geary relationship . Aluminium 1050A H14 was used
for both the working electrode (metal under study) and counter electrode (required
to apply the polarising current), with a high grade stainless steel rod used as a sol-
id-state reference electrode. A ‘positive-feedback’ compensating algorithm was
built into every scan to compensate for the current-resistance (IR) drop induced by
the ionic resistivity of the pastes. This was an improvement over the previous
study where a correction for the cement resistance was not considered [9]. An em-
bedded capacitance based RH/temperature sensor was also incorporated to provide
complementary data to the corrosion rate measurements.
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Fig. 2 pH measurement of fresh pastes Fig. 3 Test setup for corrosion monitoring

3. Results and discussion

3.1. Effect of calcium sulfates on fresh paste workability

The mini slump results are presented in Table 2. As can be seenwithl€ium
sulfate added, the wi/s ratio required to achieve the expected mini slun@pdfas
With gypsum additions, there was a slight decrease in the water denmapadred

to the pure CSA mix. However, with anhydrite, more water was requived
pared to the 0% mix. The stoichiometric w/s ratio for the hydration of @8&r
considering the impurities in the current CSA cement) can be as high.as 0.6
Therefore, it is expected that using the w/s as shown in Table 2 vesulld in an
undersupply of water during the hydration which could promote siié
desiccation of the hardened matrix. This would be advantageous for waste imm
bilisation, in particular, for the immobilisation of wastes containing Al aséhe r
duced free water content would alleviate the corrosion of Al.

Table 2 Mini slump results

100% CSA CSA/gypsum CSA/anhydrite
CSA (wt%) 100 85 80 75 70 85 80 75 70
Gypsum Wwt%) - 15 20 25 30 - - - -
Anhydrite (vt%) - - - - - 15 20 25 30
Required w/s 0.45 0.43 0.43 0.43 0.44 0.46 0.46 045 0.5

3.2. Effect of calcium sulfates on CSA hydration

3.2.1. Heat of hydration

The heat evolution during the hydration of each of the CSA/gypsum and
CSA/anhydrite pastes is presented in Fig. 4 and Fig. 5 respectively. The pure
CSA, i.e. 100% CSA, is denoted by 0% (i.e. with 0% of calcium sulfate). In all



pastes, there was a short heat event within the first hour which can be mainly at-
tributed to the dissolution of anhydrous powders (peak I) . Overall, when calci-
um sulfates (both gypsum and anhydrite) were added, only a slight reduction in
the induction period of CSA hydration is observed [Figs. 4(a) and 5(a)]. Previous
calorimetry studies by Winnefeld, however, demonstrated a much more significant
reduction in the induction period after the addition of sulfate . In this study,
it is likely that the small amount of anhydrite already in CSA clinker (as demon-
strated in Fig. 1) allowed ettringite to form (peak II) thus corresponding to a fast
induction period. In the 0% sample, the main heat event (peak III) has been at-
tributed to the formation of monosulfate/CAH;, .
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When gypsum was used as a source of sulfate, its effect on the hydration of
CSA can be clearly seen in Fig. 4. After the induction period, hydration was rapid-
ly accelerated, reaching a maximum peak at 4 hrs. Similar to Chen’s calorimetry
study, changing the level of gypsum addition had little effect on the magnitude of
peak II . When gypsum was added at 15%, peak III appeared as a shoulder at
~6 hrs. As the level of gypsum was increased, the intensity of peak III decreased,
shifting to later times (which has also been reported previously ). As can be



seen from Fig. 5, the hydration kinetics of anhydrite is different from that of gyp-
sum. Due to the lower reactivity of anhydrite, there was a decrease in the rate of
ettringite formation from 0 to 4 hrs. Hydration is broken up into a series of peaks
[as shown in Fig. 5(a)] which may be associated with the slow and steady dissolu-
tion of anhydrite .

As can be seen from Fig. 4(a), when the gypsum level increased above 15%,
there is no obvious change to the shape of peak II which may indicate that 15%
gypsum can be considered as the optimum level for the formation of ettringite [6].
Fresh paste pH trials revealed that, compared to 100% CSA (pH ~11.7), gypsum
addition caused a significant reduction in initial pH (~10.5) whereas only a slight
reduction was obtained with anhydrite (~11.7). Moreover, as calcium sulfate lev-
els rose above 15%, there was no further change in initial pH (data not shown).
Therefore, in the following study, 15% gypsum has been used. Nonetheless, pastes
with 15% anhydrite were also studied in order to obtain further information on the
effect of the sulfate source on both the hydration of CSA and the corrosion behav-
iour of embedded aluminium.

3.2.2. Phase analysis

The main phases detected by XRD are shown in Tabl@h8 100% CSA,
CSA/gypsum and CSA/anhydrite pastes are denoted by C1, C2 aedpestie-
ly. The AH; formed in CSA cements is amorphous, therefooeXRD peaks were
detected for AHin all samples in the current study. However,Akk was detec
ed and quantified using thermogravimetry (data not presented in thas).pEp
indicated in Table 3ettringite (denoted as ARtLAH;, and monosulfate (denoted
as AFm) were the main crystalline hydration products forme@lrafter 1day.
The immediate ettringite formation was most likely a result éélimite hyda-
tion with the anhydrite already present in the clinker (as presented itioeg2p

It is possible that CA) was formed from the hydration of mayenite in thespre
ence of insufficient sulfate ions whereby the formation of ettringitessfavored
. From the thermogravimetric analygi§ C1 (data not shown), it was found
that a decrease in Atbccurred between 2 and 7daysislthus likely that some
AH; reacted with ¢S to form stratlingite (S). This was also corroborated by the
XRD traces obtained from a previous study where the main peaks ftallamgs
stratlingite emerged between 7 and 28da [

C,S + AH; — C,ASH; (stratlingite) (4)

Similar to C1, CAH, was detected in C3, however, began to develop later at
2days It is likely that the slow dissolution of anhydrite led to an insufficigp-

ply of sulfate ions and, hence, allowed theé"’Gend Al(CH), ions to dominate
which prevergd the formation of ettringite from mayenite hydrati[. In C2,

on the other handt is likely that the rapid dissolution of gypsum enabledsttie
ficient supply of sulfate ions. As a result, the ettringite was éarat the expense

of CAH.o As expected, ettringite was the main crystalline hydrate formed in C2



and C3. It is interesting to observe strong peaks for residual ankyghasepre-
sent in both C2 and C3. Unlike C2, the peak intensities of mosteofeidual
phases (except,S) in C3 almost diminished between 7 and 28days. It is worth
mentioning that, although strétlingite was identified in C1 after 7 deeais for
stratlingite were undetected in C2 and C3. This could be due to theedehitial
pH of C2 and C3 with pH of 10.4 and 11.4 being measuredp(setata in Fig.6)
respectively as compared to that of C1 (pH 11.7), because according idobam
and Glassefl[7] stratlingite is unstable below ~pH 11Xonetheless, in both
cases of gypsum and anhydrite additions, the ettringite-rich matrices are expected
to be able to reduce the corrosion rate of aluminium, particularly in the long term
where aluminium corrosion rates are controlled by the supply of water and, hence,
also by the ionic transport to the metal surface .
Table 3 Main crystalline phases detected by XRD
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32.3. pH

The pH results are presented in Fig. 6. Measurements from the freardeded
pastes are separated by the dashed lines. The initial pH of C1 was measured as
~11.7. This pH is believed to be controlled by the dissolution,8£&(releasing
alkalis) and aluminate phases present in the clifi@r At 4 hrs, the pH began to
rise, gradually reaching a peak of 12.2 at 10.5 hrs. It is interdstiogmpare this
to the ICC curve where the AFm peak occurred during the same period

With the addition of gypsum to 100% CSA (C2), an immediate deciegsé
was observed, with a value as low as 10.4 being measured &ftes2As shown
in Fig. 6, pure gypsum paste (w/s 0.43) was measured as BHThérefore, the
rapid dissolution of gypsum along with its lower pH would have lethi® re-
duced pH compared to that measured from the C1. This would have ettabled
ettringite to form at a rapid ra. On the contrary, the pH of the pure anhydrite
paste (w/s 0.45) was measured as ~12.3. However, it can be a@eRidr 6 that
the addition of anhydrite to 100% CSA (with a pH being measured as)~itit.7
stead of increasing pH, has actually reduced the pH slightly at the egeywsta



a pH value of 11.4 recorded at 4 hrs. This then began to stabilise.&tbetdieen
5 and 10 hrs. In the current study, it is still not clear why a redutigs been
achieved. Further study is still needed to understand the interactioeelne€CSA
clinker and the anhydrite and its effect on the pore solution chemistry.

After 1 day, the pH of C1 slightly reduced compared to the firahfrpaste
measurement with a pH value of 11.97 recorded. However, Bn@Z3, a rise in
pH occurred with 1-day values of 11.82 and 11.97 respecti&iigr. 2 days, the
pH of C3 decreased to 11.33 while C1 and C2 remained unchangedXRMD, it
was observed that better consumption of the anhydrous CSA cligleeachieved
in C3 and, thus, could possibly have reduced the pH.

C1100% CSA

® (2 CSA/gypsum 85:15
C3 CSA/anhydrite 85:15

| # P0GGBS/PC9:1

9 ' 100% gypsum
* 100% anhydrite

|
1 1 1 1 1 |
0 10 20 1 30 40 50

Time (hours)

Fig. 6 pH of cement pastes up to 48 hrs

3.3. Effect of calcium sulfates on aluminium corrosion rate

Corrosion rates were calculated frdR-compensated Rralues using the Stern-
Geary relationshifa2]. Along with Al corrosion rates [Fig.7 (b)], the data from
the embedded RH/temperature serisaiso displayed in Fig.7 (a).

In GGBS/PC 9:1 (P0), the corrosion of Al was almost immediategrisjn
idly to a peak rate of 1.56 mm/yr at 5.7 hrs. The high injildl(~12.5) of the
fresh paste causes the protective oxide layer to dissolve and theirigllamodic

reaction takes pla:

Water is then reduced to hydroxyl and hydrogen gas at the cathode:

Al — AP+ 3¢ (5)

H,O + 3¢ — 30H + 3P2H, (6)
Combining the anodic and cathodic reactions gives:

Al + 3H,0 — AI(OH), + 3/2H, @)
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Fig. 7 (3 Internal RH and temperature (b) Corrosion ratdwhaium in CSA cements

It is likely that the increased alkalinity (~f2.8 at 3 hrs) led to the dissolution
of the precipitated Al(OH)formed in equation 7 through the following reaction:

Al(OH); + OH — AI(OH), ®)

The instability of Al(OH)} prevents the formation of a protective corrosion layer
therefore the corrosion of Al would remain active for longer periods.

In C1, Al corrosion was reduced compared toWith a peak of 1.22 mm/yr
reached at 7.4 hrs. After ~10 hrs, a significant reduction in the @nreste @-
curred decreasing to as low as 0.04 mm/yr after 1 day (compared to 0. mm/
with PO). It is likely that the reduced pH and the high water binding dapai
the hydration products of C1 (in this case both GA&hd AFm) could have oo
tributed to the 99% R.H. measured after 50 hrs and hence a reduction ih the A
corrosion rate.

In C2, the early corrosion of Al was reduced even furtheh eérrosion b
most non-existent over the 2day testing peritilis can be attributed mainly to
the lower initial pH resulting from gypsum addition. Even with a risentfrnal
temperature (peak of 28 at 2.5 hrs), there was no active corrosion evident from
the DC sweep analysis. On the other hand, the rapid formation of igttimg2
within the first few hours (as demonstrated by the ICC data id)Rigould result
in a self-desiccating effect (R.H. 94% was measured after 2 days in [Bf. 7(
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with less free water available for corrosion.

In C3, the early corrosion of Al was reduced slightly comp#&wedl witha
peak rate of 1.03 mm/yr recorded at 8.5 hrs. This also correl#teshe mea-
urement of pH (Fig. 6) where only a slight reduction was measuraegazed to
C1. From the calorimetry results, the addition of anhydrite was fouddl&y the
initial setting therefore corrosion was allowed to continue for a greater pghend
C1 due to the availability of free moisture (as indicated in Fig. 7(a)%lR. H.
was measured even after 2 days).

Overall, from the results presented in Fig. 7, it can be concluded thiat C2
the most suitable mix for immobilising aluminium due to its reduced phHsalfie
desiccation effect.

4. Conclusions

In this paper, a hydration study CSA using different types/levels of calciumi-su
fates was carried out in parallel with an aluminium corrosion study to assess
potential of CSA as a suitable alternative to PC for the encapsulation of alumin
um.

Without additional sulfateghe fresh pH of CSA was found to be quite high
with a value of 12.2 measured at 5 hrs. The peak corrosion ratevak therefore
quite similar to the GGBS/PC control sample, however, a significanttreduoc-
curred after~10 hrs. With 15%wt gypsum blended with CSA, a significant cedu
tion in Al corrosion performance was observed (effectively non-ex)st@his
could be attributed to the lower initial pH (~10.4 and the rapid formation of
ettringite (and hence the self-desiccation effect) as observed in the hydtatign
and R.H. measuremenWith 15%wt anhydrite, the reduction of the early-age Al
corrosion rate was less significant where only a slight decrease ircpeakion
rate was observed (compared to 100% CSA). It is understood tHatiedis®-
lution rate of anhydrite had less of an impact on the chemical em&mtrin CSA
and therefore the effect on the pH was not as significant

Overall, the pore solution pH was identified as the most significant fafctor a
fecting the early age Al corrosion in the cement pastes studied. Inefifisct,
gypsum produced the more favorable conditions with the lowered ipitial
However, factors such as the phase assemblage/stability and RH are expected to
be more critical at later ages.
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