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Abstract

Irradiation is one of the characteristic conditions that nuclear wastefaustwithstand to
assurantegrity duringtheir service life This study investigates gamma irradiation resistance
of an early ageslagcementbasedgrout, which is of interest for the nuclear industry as it is
internationallyused for encapsulation &dw and intermediate level radioactive wastége
slag cememntbasedgrout withstand agamma irradiation dose of 4.77 MGy over 256 hours
without reduction inits compressivestrength however,somecracking of irradiated samples
was icentified The high strength retentiors associated with the fact thaetmain hydration
product forming in tfs binder, a calciumaluminum silicate hydrate ¢-A-S-H) type gel,
remans unmodified uponrradiation.Comparison with a hedteated samplevas carried out

to identify potential effects of the temperature rise during irradiation expo$he results
suggestd that formation of cracksis a combined effect of radiolysis and heating upon

irradiation exposure.
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1. Introduction

Cement grouts composed of blast furnace slag (BFS) and Portland cement (R@eatg/c
used for the encapsulation of intermedi and low level nuclear wastim the UK 2. As
these wasteforms are exposed toamyg radiation throughout their lifetime, it is essential to
understand the effects of radiatioand determine if they can withstand such service
conditions.However, here is little information available in the literature regardiadjation
effects on BFSPC grouts particularly when formulated with high replacement levels of PC
by BFS Most of the reported studies focus lmerdened cememand concretes based solely
on PC, which areised for nuclear safety and shielding structures in power plamassess
the effects of gamma irradiation on mechanical properties and physical deteriocGdamma
irradiationis alsothefocusof thepresenstudy, being the most penetrating mng radiation

and more difficult to shield than alphalmeta radiation.

PC consistsof oxide clinker componentgcalcium silicates, aluminatesdalumiroferrites)
interground withgypsum, andipon hydration formcomplex solidphases bound together by
a gellike phasereferred to ascalcium silicate hydrat€C-S-H), co-existing wth other
hydrated phases arah aqueous phaselso referred to agsore water’. The hydration of PC
is an exothermicreactionand can generata significant amount of heat, depending on the
type and amount of clinker phases present irPBeBFS, on the other hands a byproduct
of theiron-making industryrich in calciumaluminum dicates whose reactivity is strongly
dependent on its thermal histoparticle sizeand amorphous fractioBFS can behave in a
similar manner to P@Qpon hydrationbut it requiresa morealkaline environmento dissolve,
and thuspromote the consequent formation of strergthng phases The high-volume
addition of BFS to PCin cementitious grouts favoredin the nuclear wastencapsulation
industry for several reasons including teenificantredudion of the heat of hydratigna
decreaseé amount ofwater requiredo achieve a workableementitious grouthat can be
transferredinto the canistes with the radioactive waste® and also for the reducing
environment provided by thaulfide present in BFS, whicbould contribute to decreay the

mobility of sone radionuclides.
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Sooand Milian® investigated the influence of the dose rate on the compressive strength of
PC based materials at 109@gntifying thatthe strength of the irradiated materiggposed to
rather low dose rates (31 Gy/h) falls rapidly once the total dose exdeedis(l MGy.
Conversely, expasg the same materiate higher dose rates (380 kGy/h) led to an increase
in mechanical strengthvhen exposed tatotal dose of 10MGyThe mechanisms aement
strength loss due to radiation exposure are not well understood, but can be related to the loss
of water from the cement hydrate components, which is described as radidytiraten.
However, if a moderate degree of heat is also generated or applied duringiamadire
kinetics of cement and slag hydration are accelerated, leading to a larger extentiaf,react
which consequently promotes an increase in strength. This elucidates the dymadflex
understanding radiation effts in cementitious materials, as several phenomena will take
place simultaneously, and depending on which one prevails in the system studiedgaidca

to modification of the properties of the cement wasteform in different ways.

One of themain concens related to the use of PC basgobutsfor the encapsulation of
nuclear waste ishe interaction of gamma rays withe water present in the pores of the
hardened cementhich caninducehydrolysisof the waterf’. Bouniol et al® stated that when
the alkaline medium in concrete pores undergoes radiphisgas is produced as a primary
product. As Qwas not detected in their study, it was assiithat the other primary product
of radiolysiswas HO,, whichwas mostly captured bthe calciumpresent in the P@ form
calcium peroxide octahydrate (Ca8H,0). This can therfavor calcite(CaCQ) formationin
the grout Consistent wittthis, Vodak etal. ” observed ricreased calcite formation in aged
concrete samples exposed to high doses of gamma radigtiotm 1 MGy over 83 day3hey
alsonoted reductions in mechanical strength and pore voliBaeNes et al.? also identified
formation of calcium carbonat@s gammairradiated PC sampleshenexposed td.0 MGy

for a period of 6 months.

In a later studyodak et al® speculatedhat in addition to the effect of pore water radiolysis,
the presence of microracks due to radiolytic dehydiat of the reaction products in the
cementfavorsthe ingress ofC0O, into the monolithic materigl and its consequemeaction
with the hydration products towards formation of calcium carbonatgsecially at lower
dose rates of radiation over a longer period of exposiwaversely, fgher total doses of

gamma radiation130 to 836 MGywerefound to reducehe fraction of crystalline reaction
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products formed duringement hydration, and even indddke decomposition of the cement

clinker phase&’.

It hasalso been reported that BRSC wasteforms’ can show occasional spallation and
cracking when irradiated at a dose rate of 10 kGy/h to a total dos® dfiGy, with no

1.¥2 evaluated the

identifiable variation in the reaction productRichardson et a
microstructure oBFS-PC composites at a dose rate of 10 kGy/h to a total dose of 87 MGy
over two years at 3C. The formation of additional ettringitgCasAl 2(OH)15(SOy)3 26H,0)

in the irradiated samplesas observeavhencomparedwith the control samples, suggesting
that gamma radiation may accelerate the oxidatighesulfide (S*) provided by the slag, to
form sulfate SO, and promote further formation ofttringite No alteration in the

morphology and composition of the calcium silicate hydrate (@-%as identified.

The presenstudy investigates the gamma radiation resistaneestdgbased cement matrix
with minimal inclusion of PCAn earlyageBFS-PC grout cured for only 8 days prior to
irradiation) was selecteds the basis of thstudy,as similar systems are used in UK
nuclear industry for encapsulation of LLW and I\Mrradiation effectsat early ageare of
particular interesbecause the cement system has a significant amount of freeatvaites
time, which can besubject to radiolysis and consequentgas generatiofi. To investigate
this effect, parallel samples weheattreatedfor a length of time correspondingo the
radiation exposuteandevaluatedas a second control (in addition to unheated specintens)
distinguish thepotential effects of elevated temperatui®m thoseassociatedsolely with

irradiationeffects

2. Experimental program
2.1 Materials

BFS from Redcar steel works, wigBlaine fineness of 286 kg, was blended in a 9:1 ratio
with Portland cement, CEM(Hanson Ribblesdale) withBlaine fineness of 385 tkg. The
chemical compositions of BFS an@ Rre presented in TableThis blend of BFS and PC is

referred as “binder” throughout this study.


http://dx.doi.org/10.1557/jmr.2014.404

Preprint version of accepted article. Please cite as:
N. Mobasher, S.A. Bernal, H. Kinoshita, C.A. Sharrad, J.L. Préo@smma irradiation resistance of an early

age slaghased cement matrix for nuclear waste encapsulafigfournal of Materials Research 2015,
30(9):15631571

Official journal versionis online athttp://dx.doi.org/10.1557/jmr.2014.404

Table 1. Composition of blast furnace slag (BR8) Portland cement (PGjom X-ray fluorescence

analysis. LOI is loss on ignition at 1000°C

Componentsasoxides (wt.%) BFS PC

CaO 38.8 65.4
SiO, 35.5 20.0
Al,0Os 13.4 4.6
Fe0; 09 31
MgO 76 21
K,O 04 0.7
Na,O 0.3 0.3
SO, 0.7 32
LOI 09 17
Others 15 0.6

2.2. Sample preparation

Hydrated paste samples were prepared at a water/binder fafi®@% The paste were
manually mixed for 2 to 5 minutgthen mixed for 5 more minutes usiagVhirh Mixer, and
poured into 50 mL plastic centrifuge tubeghich were thersealed andcured for 8 days at
20°C. After the curing period, the samples werent@ded cut into cylinders27 mm in
diameter and 27 mm in height, and wrappedluminumfoil. Samplesvere separated into

three groups, each of which wiasatedn a specified environment prior to analysis

e |rradiated samples were treated in the Dalbh Cumbrian Facility with gamma radiation
from a selfshielded®Co source. The specimens were irradidtedir at a dose rate of
18.6 kGy/h,to a total dose of 4.77 MGy over 256 The irradiation dose used in this
study was selected considering taabtal dose ofl0O MGy is approximately equivalent to
100 years storaglr an ILW wasteform®®, Thereforethe total dose used in this study
corresponds tahe conditions a cementitious wasteform must withstand dutieg

anticipated period of interim stage prior to geological disposal.
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Control samples were kept at 2T in the lab for a time equivalent to the irradiation period
before testing.

Heated samples were kept at 50°@ air, using arelectricoven,for atime equivalent to
the irradiation periodbefore testing. Tis temperaturavas specifiedo match theaverage

temperature of 50 = 5°C in the irradiation chamber during the radiation exposure.

2.3 Testsand analysis

Sections of each monolithic specimen were immersed in acetone (to arresdtagohy

reaction process) and retained for microscopic analysis, while the remalaiegial was

crushed andhenimmersed in acetone. Aft&r days, the samples were removed from the

acetone, dried, and kept in sealed containers to avoid carbodatiog storage Samples

were then analyzed

X-ray diffraction (XRD) was conducted using a Siemens D5000 instrument {C &K
1.54178 A, with a step size of 0.02° and a scanning speed of 0.5°/min.

Solid-state®®Si MAS NMR spectra were collected at 59.56 MHz on a Varian Unity Inova
300 (7.05 T) spectrometer using a probe for 7.5 mm o0.d. zirconia rotors and a spinning
speed of 5 kHz. Thé’Si MAS NMR employed a 90° pulsgéurationof 5 pis, a relaxation
delay of 5s, and 14000 scans. Solidate?’/Al MAS NMR spectra were acquired at
104.198 MHz, using a Varian VNMRS 400 (9.4T) spectrometer and a probe for 4 mm
0.d. zircona rotors a spinning speed of 14 kHz with a pulse width of 1 us (approximately
25°), a relaxation delay of 0.2 s, and a minimum of 7000 sé&isand?’Al chemical

shifts are referenced to external samples of tetramethylsilane (@hi%)1.0 M aqueous

solution of AlI(NOs)3, respectively.

Thermogravimetric analysis (TGA) was carried out using a Perkin BRyes 1 TGA.
Approximately 40 mg of each sample was weighed, placed and heated at 10°Cdmin in

alumina crucible under @trogen atmosphere.

Microscopic inspection of solid samplevas carried out using an optical microscope

Nikon Eclipse LV150 with 58 magnification, with Buehler OmnimetEnterprise 9.5
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software, to identifyany large cracks forming in the specimerdresholding of the

micrographs was carried out using ImageJ.

Compressive strengtbf cylindrical specimensvas measured using Aavick Roell Z050
machire. The cross head spewds0.5mm/min and he results were corrected with a shape

factor of 0.85 for cylinders of aspect ratio 1.0.

3. Resultsand discussion
3.1. X-ray diffraction

Figure 1 illustrates the -Xay diffractograms of thestudied samples compared with the
anhydrous 9:1 BFPC powder The anhydrous mix is predominanggorly crystallinedue

to the large fraction of stppresentReflection peak®f crystallineakermanite (CaMgSi,O;,
powder diffraction file, PDF, #076841), contributed by the slagerealso identifiedalong
with the RC clinker phases aliteQgSiOs, PDF #0310301) and belite 3-C&SiO,, PDF
#031-0299). Upomnitial hydrationandfollowing subsequentreatmentsall sampleshowed

a clearreduction in the intensity of the reflectioassigned to the clinker phases, suggesting

thata significant amounof the PC has already reacted.

A small peak at 13° 20 was observed in all samples, assigned to a hydrotalcite
(MgeAl2(CO3)(OH)16- 4H,0, PDF #890460)with a layered double hydroxide structufduis
phase is commonly formed in slagh PC blends and alkadictivated slags, when the slag
has a moderate toigh MgO content> 5 wt.% MgO in the slag)}*. A poorly crystalline
calcium silicatehydrate C-S-H) phase is identifieds the main hydration produetccoding

to the broad peakenterecat 29° ®. This phase is derived from the reaction of ®&s and
PC.Reflections assigned to portlandite (Ca(@IRDF#-044-1481) one of the main pducts
of PChydration,were alsambservedalong with traces of calcite (CaGOPDF #005-0586).
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Figure 1. X-ray diffractograms odnhydrou8FS-OPC powder anthe samples studied. Peaks
marked are akermanite (A), calcite (CBYdrotalcite (H) portlandite (P), alite (a), belite (a)d
calcium silicate hydrate (CSH).

The XRD patterrfor the irradiated sampkhowsno significantdifference from thosef the
other pecimens analyzeduggeshg that thecrystalline reaction poductsformed atthis
early stageof hydration are able towithstand gammarradiation exposure.This is in
accordance with the observations madesfonilar systems at different ageghere a slightly
lower dose ratelQ kGy/h) compared with the presenidy (18.6 kGy/h was applied™ 2.
The formation of crystallineettringite (main reflection at 9.0926) was notobservedn our

samples, conversely to thesultsidentified by Richardson et al*?

, Which might & a
consequence of the differente age of the materials evaluatest may indcate that this
phase is not sufficiently ordered to enable its identification by XRie.gossible presence of

ettringite in the sampleassessedill be discussedn more detail below
3.2. Solid state /Al and ?°Si MAS NMR spectroscopy
Figure 2 showsthe /Al MAS NMR spectra of the anhydrous mix and thelrated samples

studied. >’Al MAS NMR spectra of mineral and glasses typically show three distinct

aluminumcoordination environments (A, AI") and AM), which are located at chemical
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shiftsbetween 50 to 80 ppm, 30 to 50 ppm ah@ to 30 ppm, respectively. Theanhydrous
mix presents a broad resonance between 40 and 8@gmeredaround 60 ppnthat cannot
be attributed to a sol@uminumenvironment, and correspontisthe glassyraction whic

compriseghe majority of the BFSasidentified in the XRDdatafor the anhydrousBFS-PC

mix (Fig 1).

[A AV g AlVD Hydrotalcite B

Ettringite:

E

Irradiated

Irradiated
Heated Heated
Contral Control

Anhydrous mix

Wruus mix

'1inl1zlﬂ'1dulalu'Glnlzllnlzlnlﬁ '-zln'«:tlnl-t‘:n zln | 1rD | [5 | -1IEI
Chemical shift (ppm) Chemical shift (ppm)

Figure 2. Solid-state’’Al MAS NMR spectra ofA) theanhydrouBFS-PC powdemix and the

samplesstudied, and (Bgnlargemenof the A(YY regian of the spectra

Upon hydration, a high intensity baimdthe A region centeredat 9.5 ppmis identified
This resonance is assigned tlee hydrotalcite type phas€ which was identified byXRD
(Fig 1). Alow intensity but well resolved, shouldeenteredat 13 ppm is also observed in the
control sample. A band at this chemical sliftrrespondgo ettringite*’, confirming the
formation of this phase in thearly ageBFSPC evaluatedn this study, even though it was
not identified by XRD.

In the AI™) region a significant contribution of the renant unreacted slag is observed

however, the lineshape of this band differs fromathobserved inthe anhydrousmix. This
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indicates the potential overlap of resonances assignablédnyration reaction products
containing tetrahedraluminum environmentsn particularan aluminumsubstituted €S-H
type phaseSuch a phase tgpically identified aghe dominanteaction product of BF®PC
grouts, and its Al is present in tetrahedral coordination

In the heatreatedsamplessimilar resonances todke observed in the control sample are
identified, howeverthe shoulder assigned to ettringitencet observed. This indicates ttihe
heat treatment adoptedtims study is sufficient to promote the fdkhydration and potential
decompositiorof this hydratedphase consistent with the known instability of ettringite at

temperatures around 50%&

However, in the irradiated sample (which has also been held at 50°C throughoutiomgdiat
the ettringite resonands still observablealthough slightly less intense than in the control
sample. This indicates that the irradiatisrstabilizingthe ettringitein spite of the heating
conditions reached during the irradiation exposure, consistent withotieenations of
Richardson et af*? in older BFS-PC groutspecimensThe stability of ettringite is strongly
dependat on temperature anthe concentration 080,%, so that higher concentrations of
sulfates are required for its precipitation at increased tempesafurRichardson et af?
proposed that radiolytic oxidation tiie sufides from the BFSo sulfates is likely to take
place in thistype of grout and ths increasedconcentratiorof sufatesis thensufficient to
stabilizeettringiteunderthe temperatureonditions reachd upongamma radiatioexposure.
This explairs why ettringite is not observed in the héaated samplesvherethere is no
mechanism to induce oxidation of 8des The stability ofettringite upon irradiation is of
particular importance fotheimmobilizationof nuclear wastes in cementss this phasean
chemically bind different radionuclides via ion exchange mechaniémsThe Al
environmerd in the hydrotalcitéype and GS-H type phases are also seen to remain largely
unchanged duringrradiation, and these are also important contributors to the retention of

radionuclides within these wasteforms.

The °Si MAS NMR spectra of the BFBC spettmensare shown in Fig3. The unreacted
BFS-PC blendhastwo broad but distinctiveesonance centeredat -71 ppm and74 ppm

assigned to the PC phase beffteasidentified by XRD (Fig 1), anthe kermanitepresent
in the anhydrous slaf’. These bandsemain in the hydrated samplesthough with a

10
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reduced intensityndicating that aignificant fractionof unreacted materias still presentn
these cementgonsistent with thearly age of the cementitious grestudied hereUpon
hydration newbandscenteredat-81 ppm and85 ppmare observedandthese arassigned

to the F(1Al) and J sites typically identified in @\-S-H type products>. This confirms
that even at earlgges of curing, the main binding phase formingthe BFSPC groutis an
Al-substituted €S-H (C-A-S-H) product.Very smilar resonances are identified in the heat
treated and irradiated samples, indicating thatBblechanges are not taking place thre
aluminosilicate chains composing theAcS-H phag in this system, and thereforeist
concluded that this phase can withstand gamma irradiation exposure. These results a
good agreement with ¢lse reported by Richardson et # where theSi environments in the
C-SH type phase remained unchanged after 2 years of irradiation and a total @gse of
MGy.

Irradiated

Anhydrous mix

-50 -60 -70 -80 -90 -100 -110
Chemical shift (ppm)

Figure 3.%°Si MAS NMR spectra of anhydrouBFS-PC powdemix, and thesamplestudied

3.3. Thermogravimetric analysis

11
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Figure 4 showsthe thermograms and differential thermograofsthe samplesstudied.
Differences among the samplean be observed below 100(i@set, Fig 4B) associated with
the release of free watipm the specimens arttie initid dehydration of the C-S-H phase
The distinctive mass loss at €D is attributed to theemoval of physisorbed water in
hydrotalcite®. The mass loss up to 100°C was %%or the irradiated sample, and 5.5f66

the heated sampleeingsmaller thanthat ofthe control sampl€7.6 %) indicatinga reduced
content of free water ithe irradiated antieated specimen8bove 100°C all samples show
very similar profiles of mass loswith the minor mass loss at 130 assigned to dehydration
of ettringite , and at 440C attributed to the dehydroxylation of the brucite layers in
hydrotalcite?®. The measurechass loss from 100°C to 1000°C was 7.4 % for the irradiated
sample, 7.0 % for the heated sample and 7.7 % for the cohlislis consistent with the
reportof Pottier and Glasseét for irradiated BFSPC specimensn whichthere are nanajor
changes observed by thermal analysis irradiated samplescompared with control

specimens

The slightlyhigher weightloss identified by TGA in the irradiated samples, compared with
the heated specimens, may suggest that the irradiation is inducing either a biigjnely
extent of hydration of the BFSPC grout, or less desiccation of the hydration products

present irthis cement while being held at a corresponding temperature for the samendurati

12
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Figure 4. ThermogramgA) anddifferential thermogram@) (mass loss downwards) of the control,

heated and irradiated BFS:PC samples

The mass loss associated with the presencaloium carbonate polymorplappears at 500
800°C °. The differential thermogranprofile of the irradiated sample did not show any
significant differences in this region compared witte heated and control specimens.
Although formation of caleim carbonateby chemical reaction citmospheri€CO, with the
calcium rich phases cementsreferred to as carbonation, has been reported for neat PC
samples upon gamma irradiatidn it appears that irradiationf an early age BFSC
specimen does ndavor carbonation. It has been reportédhat the irradiation causes the
formation of catium peroxide octahydrate imradiated PC pastethrough the interaction
between Ca(OH)andthe H,O, produced via radiolysis, which promotes carbonation. The
BFS-PC grout evaluated here has only 104PC, thus the majority dhe Ca(OH) formed
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during the hydration of PC is consumed by reaction with the 'BR®ducing the probability
of calcium peroxide octahydrate formatj@amd consequentiyminimizing the suseptibility to

carbonation of the blended grouts upon gamma irradiation.

3.4. Microscopic inspection

Figure 5 presentsoptical micrgraplts, and the correspondingresholded imageshowing
pores (in black) and solid regions (in white) of the samplatuated The relativelylarge
pores observeth all the samples are likelp beassociatedvith the airwhich isentrapped
during mixing and paste casting. It is clear from the images that theate@ddample (1) has
more open poreand cracks compad with the heated (Hand control (Csamplesin good
agreement with the literature for similar samples at latefages discussed in the previous
section, both the irradiated and heated sambpsssreducedweight loss at temperatures
below 100C compared with the control sample. Although the level of water reduction caused
by the irradiation an@ly the heatreatment wasimilar, the dehydration mechanisms in these
treatments appear to be differergsulting in the differenbbserveddegrees of cracking
Pottier and Glasser* explainedthe process of microcrack formation upon irradiatioh
cementgroutsas being a consequence giressurizatiorof the radiolytic gases inside the

cement matrixand the results prasied here are consistent with their analysis
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Figure5. Optical micragrapts of (1) irradiated, 1) heated angC) controlsamplesand

corresponding thresholded images showing pore and solid regions

3.5. Compressive strength

Figure 6shows thecompressive strengilof the samplesstudied. The compressive strength

of the heated sample is% higher than that of the control, whighwithin the experimental
error However, he irradiated sample exhibited an increase o%ili& compressive strength
compared with the contrajrout. An increased strength in irradiated cements aBE®
observed ina PC based systerff. However, his trend differs from tht which has been
identified in PC curedtahigh temperatures, where reductions in compressive strength have
been reported as curing temperature increases. Galluccf&identified significant changes

in the microstructure o€-S-H phase in cementdepending on the temperature of curiag

that increasegbolymerizationand apparent densification of this phase was observed upon
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curing at 60°C, compared widamples cured &5°C. This apparent increase the density
of C-SH was associated witla decreasen the amount of structural watin this binding
phasewhen forming at high temperature$ curing leading to a coarser amdore porous
microstructure, which induces reductionsompressive strength.

= = ) )
o L o w

un

Compressive strength (MPa)

=]

Control Heated Irradiated

Figure 6. Compressive strength of BFS:PC pastes. Error bars show one st@ewatibn of three

measurements

Further investigation is required to elucidate the mechanisms leading to thgtlstre
development of irradiated cementitious groutsmay be that thetabilizationof ettringite
(which is a highly voluminous phase)ntibuted in a significant way to increathe strength
of the irradiated specimens, but this cannot yet be confirifteel results show that the early
age BFSPC system retainsand in fact improvedts mechanical strength upon irradiation,
even though crackand increased porosity were observed post-irradiation.

4. Conclusions

The effects of gamma radiation and heataddFS-PC composite cemesat early agevere
studied. e crystalline phasgwesented in the systewere able to withstand tlheose rate
and total degree ajammairradiationtested in the present stud4.77 MGy over 256 h)

16


http://dx.doi.org/10.1557/jmr.2014.404

Preprint version of accepted article. Please cite as:

N. Mobasher, S.A. Bernal, H. Kinoshita, C.A. Sharrad, J.L. Préo@smma irradiation resistance of an early
age slaghased cement matrix for nuclear waste encapsulafigfournal of Materials Research 2015,
30(9):15631571

Official journal versionis online athttp://dx.doi.org/10.1557/jmr.2014.404

without notablemodifications the irradiated samples retained ettringite in their structure,
which was present at 20°C but not when specimens were heated at 50°C (corresponding to
the temperature in the irradiation chamber) for a length of time equal to tAgoduof
irradiation The Si and Al environmenia the GS-H type gel and secondahydrate phases
retained stabilityupon irradiation.Irradiatiorrinduced carbnation, previously reportedor
PC-based systemywas notidentified in the specimens evaluatedre The reduced amount

of Ca(OH} in the system, owing to the small amount of PC uapdears tfnaveminimized

the formation of calcium peroxide octahydeatwhichis an important intermediate in the
radiationinducedcarbonatiomprocess

This result demonstrateékat the replacement of PC by BE&1 modifythe performance of

the cement matrixunderirradiation exposureGamma radiatiorcaused a redtion in the
content of physically bonded water within thmder resuling in microcrackng. Although
exposure to 5 also caused comparabldevel of water reduction in thgrout, microcracks
were not observed in tat sample which elucidates that thelevatedtemperature in the
radiation chamber is not the maiause of thenicrocracks The dehydration mechanisms in
thesetwo environments appear to be different, resulting in the different microstructures.
Gamma irradiationalso increas# the compressive strggth of the cementespite the
increased porosity andicrocracks which may be due tenhancements iauring anddr the

densification of the material.
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