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CASTz Project Overview

The CAST project (CArberi4 Source Term) aims to develop understanding of the
potential release mechanisms of carddnfrom radioactive waste matesiaunder

conditons relevant to waste packaging and disposal to underground geological disposal
facilities. The project focuses on the release of caflzgbas dissolved and gaseous species
from irradiated metals (steels, Zircaloys), irradiated graphitefrand ion-exchange

materials as dissolved and gaseous species.

The CAST consortium brings together 33 partners with a range of skils and competencies
in the management of radioactive wastes containing cdathpgeological disposal

research, safety casevd®pment and experimental work on gas generation. The
consortium consists of national waste management organisations, research institutes,

universities and commercial organisations.

The objectives of the CAST project are to gain new scientific undenstpraf the rate of

re-lease of carbeii4 from the corrosion of irradiated steels and Zircaloys and from the
leaching of iorexchange resins and irradiated graphites under geological disposal
conditions, its speciation and how these relate to catdonventory and aqueous

conditons. These results wil be evaluated in the context of national safety assessments and
disseminated to interested stakeholders. The new understanding should be of relevance to
national safety assessment stakeholders and wil adsdde an opportunity for training for

early career researchers.

For more information, please visit the CAST website at:

http://www.projectcast.eu
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Due toits long haflife (5730 years) and its high mbty in the geosphere and biosphere
Y4Cis a critical radionucliden the safety assessment of the geological disposal of high level
nuclear wasteThe international project CAST (Carbdd Source Term), which is partially
funded through the Euratom Setle Framework Programme, aims at understanding the
generation and release *8€ containing specieby corrosion or waste degradation

processes in conditions relevant for waste packaging and geological digfpesaim of the
wor k at SCKACBrN ofiwork Pabkage bftha @ASW project was to
investigate the release YIC from Zircaloys representative for theladdings of the fuebf
Belgian nuclear power planand the“C speciation in a cementitious environment, which is
relevant for the Belgn Supercontainer design, as perceived for the geological disposal of

high level waste

Both irradiated and unirradiated Zircaldysamples, representative of the fuel clalddings
of Belgian nuclear power plantsver e st udied at the SCKACEN.

The uniradiated sample was a rod of Zircalbywhich was cut in smaller pelet3he total
nitrogen content of this sample showed the presence of 17 to 25 pg/g in the bulk, véhich is
to 4 times lowerthan the40to 80 pg/g expected from the specification sheeis.the

activation of**N (**N(n,p)*C) is the most probable production *8€ in Zircaloy4, the
concentration after irradiation should be lower. Calculation showed thatGrectivity

would be 13300 to 19600 Bg/g of irradiated Zircatby

The irradia¢d sample was the upper part of a fuel cel cladding originating Belgian

nuclear reactordt was alsocut in smaller pieces to perform corrosion tests and
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metallography analysis.o-ray spectrometry revealetthat the activity was mainly emitted by
106Ru, %%Co,*4ce, 3 Cs,1%°Sh, %Zr and *°Nb.

Metallography analysisvasperformed on both irradiated and unirradiated sasriple
analyse the influence of radiation on the metallic structlie structure of the unirradiated
sample possessed defects sasldislocation lines. Precipitates were also present and the
main ones were identified as Laves phases, composédFef,Cr}». A second type of
precipitates with aeedle or plateletlike structure was found with a possible ZrC phase.
Two different irraliated samples were analysed by TEM: the cladding representative of
samples used for the static corrosion tests and thelegdepresentative of samples used
for the acceleratectorrosion testsThe roling processeeded to produce the cladding
induced texture. It results in a narrow lath structure, that is different from the structure in the
unirradiated Zircaloy-4, but dislocation lines are stil presemte main effect of the neutron
Irradiation was the presence of small dislocation loopse struture of the engplug partis
different fom the cladding (no roling process) asguiaxed grains are presehhe Laves
phase precipitatesverestil presentand due to neutron activation, a low amorphisation of

those precipitates was observed.

To obtaininformation on the behaviour of Zircaley in real geological conditions, static
corrosion tests were performedcceleratedcorrosion tests were performed to obtain some
indication of the corrosion mechanism and the light carbon molecules formatioshamter
reaction time. A saturated portlandite Ca(@&fjueous solution was used, with a pH close
to 12.5, which is representative for the geological disposal conditions. In order to increase
the corrosion rate, 0.5 M of Ca@as also added to the eledyte solution inducing pitting
corrosion. This addition of chloride was only done for s@oeelerateccorrosion tests.

The vial for the static corrosion tests was composed of a PEEKcaded steel vial
possessing an internal volume of 5C°dited with 35 cm? of electrolyte After closing the
test cell airtighly with a lid, the whole setupvas storedbehind a lead wall for 195 days.

The vial for theaccelerateccorrosion tests contained three electrodes immersed in the
electrolyte under anaerob@onditions at room temperature and atmospheric pressure. The

reference electrode was an Ag/AgCl hemade electrode, the counter electrode was a
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plathum one while the working electrode was the unirradiated or irradiated Zrtaloy
sample embedded in aresand polished to obtain a fresh roxidized surface. A metallic
wire glued on the back of the sample (before resin embedding) was used for electrical
connection. After assembly, a gas tightness tests revealed a very small decrease of the

pressure from 1 to 1.07 bar which isegligible for our tests.

Before staring the acceleratectorrosion tests, polarisation curves were recorded to have
information on the electrochemical behaviour of the Zirc@logamples. Even if those

curves were only recordedhee, irradiaton seemed to induce some difference in the sample
behaviour such as the stabilisation of the passivation layer or the shift of the corrosion
potential to more a reductive potential. The addition of chloride led to a huge increase of the
current at a potential called pitting potential, where the pittihg corrosion appears. Based on

these curves, specific potentials were chosen to perforactteerateccorrosion tests.

Carbon speciation was analysed by total organic / inorganic carbon cn@ffOC), ion
chromatography (IC) and liquid scintillation counting (LSC) for the liquid phase and by gas
chromatography for the gas phase. Unfortunately, it was difficult to obtain reliable
information of the total inorganic and organic compounds inigoldue to the very low
expected concentration of carbbased compounds coming from corrosion process and due
to the presence of some contaminatioviich were very difficult to avoid. The activity of

14¢C was also difficult to obtain due to the preseatether radionuclides and due to the low
concentration of“C released during corrosion. A separation from all other radionuclides
should be performed to be able to determine ‘{factivity.

Concerning the analysis of the gas phase by GC, no cadsau compounds could be
detected after thaccelerateccorrosion tests in saturated portlandite, whie a big peak of
methane was observed in the presence of chloride. For the static corrosion tests, methane,
ethene and maybe G@ere produced. Methane [set main carboibased gas present in the
gas phase. Considering the gas production, an approximation of the corrosion rate was
calculated and led %7 to84 nm per year which looks very high compared to the

conservative corrosion rate of 20 nm per year.
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In the safety assessment of the geological disposal of high level nuclear \t@stea
critical radionuclide because of its long Hdé (5730 years) and its high mobilty in the
geosphere and biospheréC wil be releasedrom the wast@saresutt of corrosion or
waste degradation processes. The speciatidfCofiil depend on the speciation of its
precursor (it is generally assad that the main precursor € is N, but there aré*C
production pathways with®C and'’O as precursors) and the chemical conditions in the
repository. The question also arises whether the chemical bond of the precursor is

maintained during irradi@n.

The international project CAST (Carbdd4 Source Term), which is partially funded

through the Euratom Seventh Framework Programme, aims at understanding the generation
and release df'C containing species in conditions relevant for waste packagidg

geological disposal. The project is focusing '6@ releases from irradiated metals (steels

and zirconium alloys), irradiated graphite, and spenekehange resinsas dissolved and
gaseous species. The results of these studies wil be transferttesl netional programmes

where they wil be used for further development of the national safety cases. ihWthin

CAST project, Work Packagef@cuses on irradiatedircaloys (Zircaloy-2, Zircaloy4 and

M5) representative of the fuel celaddings of nuckar power plants

The aim of the work at SCKACBMtheGASThe fr ame\
project was to investigate the releasé“af from Zircaloys representative for theladdings

of the fuel of Belgian nuclear power planend the'*C speciationin a cementitious

environment, which is relevant for the Belgian Supercontainer design, as perceived for the
geological disposal of high level waste. To achieve this, we desgatid andaccelerated

corrosion tests, and we obtained irradiated referenaterial representative for theel

cladding at endof-life in the Belgian power plants. Trsatic tests consisted of exposing the

sample to a representative environment (anaerobic, high pH) for several months without

applying any potential, while in tB shorteracceleratedests an electrochemical setup was

used to fix the potential of the sample at a more anodic value than the corrosion patential

order to accelerate the corrosiprocessesThis report gives an overview of the entire
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experimental pgramme carried ot @ CKACEN in t he ©bftha@&SWor k of
project. It contains information on the samples (both unirradiated and irradiated), the
properties of the samples, the results fiimncorrosion tests, and the results froime

speciationstudies.

2 - AOET A
21 - AOAOEAI O

SCKACEN has at uniradisted candsrmadintech ZircaksyZry) samples. In

this section we will discusthe propertiesand historyof these samples.

21151 EOOAIAERORRA |

The unirradiated sample is a 98 mm longd with a diameteiof 12 mm (Figure 1) from

which samples wereut in small discs for the acceleratedrrosion tests.

Figure 1. The unirradiated Zrcaloy-4 specimen before cutting.

The chemical composition of this sample is given in Tablghi. information is obtained
from the OMateriidlicgtuabi t[psBeamount ratditghanr t
the sample is not known accuratelywas measured experimentalindeed the



CAST

Final report on*“C release from zirconium alloy in highly alkaline conditions (D3.17

determination of the initial nitrogen content in metalsdesirable to realistically estimate

the *“C production after irradiation campaigns.

Table 1. Chemical composition of a unirradiated Zircaloy -4 specimen.

Wt.% pa/g
Sn Cr Fe Zr C Hf Si w (@) N
1.2-1.7| 0.0-/0.13 | 0.17-0.24 | Bal.| 270 | 100 | 120 | 100 | 10001400| <50

2.1.2) OOA A BAMORMOE Al

Irradiated materials are representative for-efife conditions in nuclear power plants
(claddings of the fueland thus offer the advantage of a realistic input*6frelease into the
national safety cases (WP6). The Ziogad specimens originate from Belgian nuclear
reactors (Tihange and Doelpd the (cutting) scheme of the cladding (referengg6F8)
used for the CAST project is shownhigure 2. First, a cladding piece that was in contact
with the fuel was chosen folorosion analyss (Figure 2). Nevertheless, the dose rate of

this sample was too high (up to 10 mSv/h at 10 cm) to be easily handled

For this reason, the upper part of the fuel tube, called FB8/8vas chosen for the
corrosion tests, even if the corttatose rate (through a LaCalhene box) stil reached 8
mSv/h.
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Figure 2. Cutting scheme of the Zircaloy cladding (the letters in the right drawing
indicate the indices of the sulpieces cut from the sample as mentioned in Figure 4 and
Table 2).
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2.1.2.1 Cutting samples

The upper part of the fuel tube was cut ihadcell to obtain a piece possessing a height of
80 mm Figures 2 and 3(A)). Alenum and a spring present inside this cut piece were

removed before cutting them in smaller pieces, which were usedrimsion testsHigure

3(8)).

Figure 3. Picture of (A) the F6678R4 sample before cutting and (B) the spring and the
plenum present inside the Zrcaloy4 cladding.

As shown inFigure 2 and Figure 4, sample F66R8 was cut in smaller pieces fdret
corrosion tests. Dimensions of the cut pieces are described in Table 2.ARi8easd C
were used for static tests and piece E, the thicker disk, was used for the accelerated
corrosion tests.

Figure 4.Photographs of the cut F6678R4 Zrcaloy-4 cladding.
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Table 2. Dimensions and weight of cut F667B4 Zrcaloy-4 samples.

Dimensions (mm)
Sample i : Weight (g)
Length Inner diameter | Outer diameter
F6678R4-A 20.87 8.4 9.62 2.3251
F6678R4-B 20.18 8.4 9.63 2.2374
F6678R4-C 20.3 8.4 9.64 2.2499
F6678-R4-D 1.9 8.4 9.64 0.2114
F6678R4-E 4.32 ~0.5 9.66 1.8334
F6678R4-F 4.18 ~0.5 ~6 0.6216
F6678R4-G 1.93 ~0.5 ~6 0.2271
F6678R4-H 2.74 ~2.8 ~8.35 0.7734
F6678R4-R 1.97 ~3 9.66 0.7795

A 6cookingd step was per foermetidy The pracéders e
consisted of washing the Zircaldy pieces in 8 M nitric acid under reflux for 6.5 hours,
folowed by rinsing in IM nitric acid. After this treatment and after drying, the
measurement of the activityTgble 3) showshat the ontact dose rate was acceptable to

work in a fume hood.

Table 3. Contact dose rate of cut Zircaloyd sample after the cooking step (14/07/2016).

Sample Contact dose rate (uSv/h ; 14/07/2016
F6678R4-A 900
F6678R4-B 450
F6678R4-C 400
F6678R4-D 190
F6678R4-E 270
F6678R4-F 110
F6678R4-G 60
F6678R4-H 180
F6678R4-R 170

s amp
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The nitrogen content afnirradiated sampleswasmeasured by using an inert gas fusion
methodwith a LECO TC436 model analyr. The samplavas cut ito a small cube of ~0.5

g and stored in acetone until the analysis. Before the sample analysis, at least 3 nitrogen
blanks were measured and the results were normalised with the blanks. The instrument was
calibrated using two certified reference materaddifferent concentration: AR649 with a
nitrogen concentration of 44)/g and an oxygen concentration of 13@fg (Alpha

Ressources) and AR5®53 with a nitrogen concentration of @@g (LECO). These
referenceswere used to cheake lowest point, thénearity of the calbration and the

calibration factor tdoe applied.The reported lower limit of detection of the method is

approximately Jug/g for N.

For the analysis, the sampleas placed inside a graphite crucible and held between the
upper and lowr electrodes adnimpulse furnace. A high current passed through the
crucible, increang the inner temperature (> 250Q), which eventually led to the melting

of the sample. Gaseous compounds generated in the furnace were released into a flowing
inert gas stream (argon or helium). The gas stream was sentappropriate infrared

detector: a thermal conductivity detector for the analysis of nitrogeieast four replicates
were realized for each sample.

23 gOAU OPAAOOI I AOOU

Forgray spectrometrnyanalyses two HPGe detectors were used, one from Canberra and one
from Ortec. The HPGe@etectors were energy and efficiency calibrated over an energy range
of 60 to 2000 keV using @ray reference solution with raixture of 10 different

radionuclides. The ORT1 detector was calibrated using a 9MLO1ELMAG60 (2014) standard

solution from LEA (Laboratoire Etalons d'Activité)The CANZ2 detector was calibrated
using a 12MLO1EMAG0 standard source from LEA
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Two samples were provided for the microstructure analysis of the Zidalman
unirradiated ¥caloy-4 rod and an irradiated F6678R4-R sample, whichcontained both
material from the claddingnd the end plug. A sample wasepared from both end plug and
cladding.

The activity of the irradiated sample was relatively low and its preparation was performed in

a fume hood.

A slice of about 0.6 mm thick was cut froitme samples with a Struers Accutom &@ting
instrument. This ise was mechanically polished on SiC paph grit sizes500, 1200 and
4000. When the thickness of the slice was reduced below 0.3 mm, five discs of 3 mm in
diameter were punched out of the slice. These discs themgolished further on SiC paper

unti the thickness was reduced to 0.1 mm.

The final step in the sample preparation was electrochemical double jet polshing with a
Struers Tenuped instrument. The electrolyte used consisted of 5% perchloric acid and 95%
methanol. The polishing electrolytevas cooled t630 °C and a voltage of 26was applied.

The samples used for SEM analysis were polished for 10 seconds, whie the samples used

for TEM analysis were polished until perforation.

The TEM s a JEOL 3010 microscope operating at 300 kV. Brightl, dark field and

selected area electron diffraction were used to determine the defect structure and
precipitates. Energy dispersive-r&y spectroscopy (EDS) was applied for the qualtative
determination of the composition of the precipitates. It shiwa noted that during the EDS
measurement a small amount of carbon is deposited on the surface of the sample. Moreover,
when anaing small precipitatesit could not be avoided thaart of the signal is generated

in the steel adjacertb or on top or klow the precipitate. Therefore, it is not possible to
obtain a quantitative composition of the observed precipitates and carbides, but qualitative
statements are possibl.should be noted that the EDS detector is not shielded and

radiation from the sapfe is detected. However, because of the low activity of the samples,
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the increase in background radiation is minimal and qualitative measurements could stil be

performed.

The SEMis a JEOL JSM 6610 microscope used for dbtermination of the grain size

Even though the polishing conditons may not be optimal to reveal the grain structure, it was
possible to determine the grain structure under the electron beam of the SEM. The best
results were obtained in the baskattered electron (BSE) images, whihe contrast is

mainly induced by the atomic weight. Light elements scatter fewer electrons than heavy
elements and are darker in the BSE images.

242' OAET OEUA AAOAOI ET AOCEI 1
The grain size of each material was determined from the BSE images of the sateples af

electrochemical polishing for 1€ The grain size is determined in accordance with the
ASTM standard E11-35. The grain size number (G) is defined as:

( =201 (1)

WhereNis the number of grains perinch? at a magnification of 100x which equals the
number of grains per mn? at a magaition of 1x divided by 15.50’his number is

obtained § placing a circle odknown diameter on the BSE images and by counting the
number of grains within the circle. The grains that intersect the circle count for half a grain.
As the SEM imageswere calibraed, the actual diameter of the circiould be detemined

and the average grain sigeuld becalculated. This value is used to calculate the number of
grains per mn? and the grain size number.

25 #1 OO1 OEI 1 A@PAOEI AT 00
Two types of corrosion teswereperformeda t S C K ( Saficorrosion tests

(leachng tests)o investigate a more realistic corrosion behawioand associatedf'C release
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and speciation, and (ixccelerated corrosion tesgsolarsed corrosion testswvith anapplied
potential, which mainly sergdor preliminary speciation determinatio These corrosion
tests vere performed under anaerobdnd highly alkaline conditions to mimiagyeological

disposal conditions.

251#EI EAA 1T £ OEA Al AAOOIT 1 UOA

During the WP2 and WP3 technical meeting in Switzerland2@2®ay 2015), a solution of

NaOH at pH12 at room temperature was recommended fosttiie tests. However, all
participants were allowed to use their own e
use a saturated portiandite Ca(@sblution for its experiments. The main reason is that

portlandite is more representative for the Belgian waste repository design. The artificial pore

water was prepared in a glove box under anaerobic conditions and degassed with nitrogen to
reduce the risk of dissoling environment4iCO,, which would lead t@nariefact The risk

of calcite (CaC@Q) precipitation cannot be excluded, as shown in our calculations (see

Appendix 1). Indeed a concentration df2.6 pg/L of CQ% is enough t@nhanceCaCQ
precipitation.

A second type of electrolyte was used exekisi for the accelerated (polarised) corrosion
tests in addition to pure portlandite pore water. This electrolyte was the same as described
above,with the addition of 0.5 M of Ca&(1 M of chloride) in order tpromote pitting
corrosion. The idea was tocrease the production of carbon speaiaking their detection

easier.

2523 AOCAOEDPOEI T 1T &£ AT OOT OETI 1T OAOOPO AT £
2.5.2.1 Static corrosion tests

Static corrosion tests, also called leaching corrosion tests, were carried out with irradiated

samples,in order to have a realistic view on tHéC release rate ardC speciation.

10
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Figure 4 showsadiagramof the experimental setup. Tlrcaloy-4 sample was placed in
contact with portlandite pore water (ptH2.5) inside #EEK liner inserted in steel vial
Figure 5 showghotographs of the steel vials before and after assembly. The internal
volume of the steel vials was 8. The vials were filed with 3mL of saturated
portlandite (Ca(OH) pore water, before adding ti@caloy-4 sample. Aterwards, the lid
was screwed to the vial to make it airtight| #hese manipulations were performed in a

glove bag ina ntrogen atmosphere to ensure anaerobic conditions. The glove bag is shown

in Figure 6.
Outlet valve for gas sampling

: Glove bag (underpressure) I :
: .
I I
| |
: Steel vial Anaerobic
I (Vimax = 50 cm?) atmosphere |
R R !
A

I PEEK liner :
I

: Cement pore water: i ] :
I Ca(OH),, pH ~ 12.5 i o Metal sample |
| RN :
L e e e e e e e e e e e e e e e e e e mmm -

Figure 4. Layout of the static test setupn a glove bag under inert atmosphere.

11
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Coverand Steel vial
outlet valve

Figure 5. Photographs of the static test setups (A) before assembly and (B) after
assembly.

Figure 6. The glove bag placed in a fume hood.

Following the static tests, which lasted for approximatey5 maths (195 days), gas and
iquid samples were taken and analysed for carbon species. The gas sampling was
performed with a 500 pL gas tight syringe with a 5 cm long needle (Figure 7). After
sampling 500 pL of gaseous phase from the test cel, the needgtualadsnto a septum and

the syringe was entirely placed in a small solid transport box, in order to avoid displacement

12
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of the syringeos piston. The syringe was th
(for a description of the gas chromatodmaseeSection 26.1). After taking the gas samples,
the lid of the test cell was removed and liquid samples were taken for further analyses

(iquid scintillation counting, ion chromatography, TIC/TOC).

Figure 7. Gas tight syringe with removable needle.

2.5.2.2 Acceleratedcorrosion tests

Acceleratedcorrosion tests, also callgablarised corrosion testswere performedwith both
unrradiated and irradiated sampleEhe tests consisted of two parts. In a first phase,
polarisation curves were recorded in oradeetamine theslectrochemicabehaviour of the
samples in the investigated environment. Then, in a second phasejedgureined
potential (derived from the polarisation curve) that would result in accelerated, active
corrosion, wasppled to the sample.

Manufacturing of the electrodes

The working electrode wasanufactured by gluing a steel wire, serving as an electrical
connection, to the back of the cut Zircalbysamples (Figure 8(A)). The glue used was a
conductive siver epoxy (type CW2400, Circwiks). Then, the specimens were embedded
in a resin under a fume hood (FiguBéB)). Finally, specimens were mechanically
wetground, with successively finer SiC papers, down to 500 grit, and then cleaned with

double distiled water and finally left to diy an argon atmosphere (Figure 8(C)).

13
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Figure 8. Preparation of the iradiated Zrcaloy-4 sample (F6618R4-E) for the
acceleratedcorrosion tests. (A) Gluing step, (B) embedding step and (C) polishing step.

Electrochemical cells

The test cell consistedf a glass vial with an internal volume of approximately 1450 mL

and containing three electrodes attached todhg1l) the working electrodeZkcaloy-4

samplg, (2) the platnum counter electrode, and (3) thbonse made AgQ/AgCI reference
electrode.These electrodes constitute a traditional tieleetrode setup described in the
general literatwe on electrochemistryTAIT, 1994]. Figure 9 shows a schematic

representation of the test setup and Figure 10 shows a photograph of the test cell equipped

with the three electrodes.

The gas tightness of the cell wetecled by using rubber sealing between the cell id and

cell body and filling the cell with helium. The pressure in the glass cell was set to 1.1 bar.
During the tightness test, which lasted tiwo months, the cell pressure and ambient

pressure and temperature were monitored (experimental setup in Figure 11). The results are
shown in Figure 12. After two monththe pressure inside the cell had decreased from 1.10

to 1.07 bar, which is negligibleonsidering the short duration of each test (a few hioues

few day3. The sharp intermediate drop in pressure indicatssor replacement
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Outlet for gas sampling
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Electrochemistry Glass cell __- Anaerobic
T~ z/ atmosphere
Resin Metallic glue
—

Pt electrode "““‘“ Metal sample
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(Ag°/AgCl)

[
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| [
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| I
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| [
! i _+— connection !
| [
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| I

Aqueous Ca(OH),, pH ~12.5

Figure 9. Layout of the acceleratedcorrosion test setup ina glove bag under
inert atmosphere.

Reference

electrode
Working Counter
electrode electrode

Figure 10.Photograph of the acceleratedcorrosion test setup.
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Figure 11.Acceleratedcorrosion test cell setup.
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Figure 12. Temperature, intemal and external pressure profile during the gas

tightness test.
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26 $AOAOI ET MOATTT TOBAREAOQOEIT I

26.14AAET DVMAA OO ATZATAWOAR EOA OAADI COAPEU
To determie 1“C speciation, a gas chromatography system type Shimadz@0GCPlus,
tailor-made to our needsjas used (Figure 13). The gas sample can be injected manually

(4L60on Figure 13) or automatically®don Figure 13). In generathe main components of a
GC system are an injector, a column ardetector (Figure 14), whihe injected sample is

transported through the system by a carrier gas.

Figure 13. Gas Chromatograph used for the determination/segpation of **C gases
produced from corrosion experiments (1) Manual injection and (2) Auto sampling.
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Sample Injector

Detector
— Column _I_, Gas Exit
Gas Purifier
J
'J_Lil/’
Oven
Argon Gas
Carrier

Figure 14. General scheme of a gas chromatograph.

The carrier gas usaslas pure Argon N7.5, Air Products To remove anyesidual
impurities (H20, H, Oz, N2, NO, NH;, CO, CQ and CH), this gas passthrough two gas
purifiers (VICI Valco Instruments Co. Inchefore entering the GC column.

The injector used is a split/splitiess injector (Figure 15). The gas sample is introduced into
the quartz linerof the injector with a syringe and through a septum. At the same time, the
carrier gas flows through the column, out of the septum purge and out of the split when the
split mode is used. In these conditions, only a fraction of the sample is injectateinto

column, depending on the split ratio (the split ratio is the ratio between the column flow and

the total flow). In contrast, in spltless mode, the entirety of the sample reaches the column.
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Septum

Syringe

Septum Purge
Total Flow in E—

)

|

- Liner

l ——

Split Vent

LI
‘qlp; Column

Column Flow

Figure 15. Scheme of a split/splittess GC injector.

Twocdumnsar e available at SCKACEN: a ShinCarbon
carbon molecular sieves (Figure 16) and aFSEX-1 which is a notpolar column

composed of dimethyl polysiloxan@he first column has beateveloped for separating

permanent ga&s, such as NO,, CO or CQ, and mixtures of permanent gases and low
hydrocarbons rapidly, without cryogenic coolingis a micropacked column with

dimensions o2 m length x 1.27 mm outer diameter x 1 mm inner diamdtee. second

column is a more wersal onelt is a capilary column with dimensions of 30 m length x

0.53mm inner diameterThe results presented in this report were obtained with the

ShinCarbon ST column.
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Figure 16. Picture of the ShinCarbon ST column in the furmace of the GC.

Detectors include a Flame lonisation Detector (FID), a Barrier Discharge lonisation
Detector (BID), and a Pulsed Discharge Helum lonisation Detector (PDHID). The
operation of the FID is based on the detection of ions formed during combustion of organic
compainds in a hydrogen flame. The generation of these ions is proportional to the
concentration of organic species in the sample gas stream. The response of a FID is semi
universal: all hydrocarbons can be detected. The FID has a detection Imit of appigximate
1 yg/L. In a BID detector, a plasma is generated by applying a high voltage to a quartz
dielectric chamber, in the presence of helum. Compounds that elute from the GC column
are ionised by this He plasma, then captured with collection electrodes sanibhete as

peaks. Thedetectionlimit of the BID is approximately 500 ng/L. The most sensitive sensor
avaiable is the PDHID, which is shown schematically in Figure 17. The PDHID uses a
stable, low powered, pulsed DC discharge in helum as an ionisatiowoes@ompounds

coming from the GC are ionised by highergy photons from the helium discharge. These
photons have enough energy (1B.57.5 eV) to ionise all elements and compounds, with

the exception of neon. The electrons resulting from this ionsadi@ focused towards the
collector electrode by the bias electrodes. Changes in the measured current constitute the
detector response. The helum must be 99.9995 % pure, otherwise impurities quench the
ionisation of the helum atoms. Thiketectionlimit of the PDHID is 50 ng/L.
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Discharge gas inlet

Discharge zone

Discharge electrode Discharge electrode

Ground

Bias electrode
Collector electrode

Bias electrode

Capillary column

Vent 4—/ |
\— Sample/column inlet

Figure 17. Scheme of a Pulse Discharge Helium lonization Detector (PDHID).

2.6.1.1 Identification of peaks

The calibration of the GC consisted of two parts: (i) determination of the retention time of
the most probable carbon compoundsd éi) determination of the detection limit for each
compound. The retention time is dependenthentype of column and¢ temperature of

the furnace Thereforeit must be determined with calbration gases for each type of column
(and furnace temperag) Wefocused on the most probable cadmamtaining corrosion
products fromZircaloy: methane, ethane, ethene, propane, propene and carbon dioxide. As

both retention time and peak separation depend on the experimental parameters, we
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conducted preliminarytests to optimise the peak definition for the above compounds. The

results, i.e. the parameter values used for our analyses, are showie id.Tab

Table 4. Parameters used for GC analysis.

Parameters Values
Carrier gas pressure 350.5 kPa
Total flow 47.1 mL/min
Column flow 14.38 mL/min
Linear velocity 44.2 cm/sec
Purge flow 4.0 mU/min
Split ratio 2
Detector temperature 200°C
Intial column temperature 35°C
15°C/min until 175°C
10°C/min until 200°C
Ramp of temperature 5°C/min until 215°C
2.5°C/min until 235°C
10 min at 235°C

Figure 18 shows a chromatogram indicating the peaks of the most probable carbon
compounds. The broad peak present at a lower retention time than methane can be attributed
to nitrogen (matrix gas), to argon (carrier gas), padially to oxygen (present in air during

the injection). The slope in the background signal is duentmcrease of temperature of the

column.
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Figure 18. Gas chromatogram of a mixture of methane, carbon dioxide, ethene, ethane,
propene and propane ai concentration of 10 pg/g.

Some peaks, besides methane, remain present at retention times between 2 and 3 minutes
even when pure nitrogen is injected into the GC, as shown in Figure 19. Those peaks are
ghost peaks coming from pressure changes in #etamj and one of them appears at the

same retention time as methane. To try to remove these peaks, the sample injection was
performed exactly 20 seconds atfter piercing the septum of the injector with the syringe and
20 seconds before removing the syringenf the injector. This procedure resutted in a
decrease of the intensity of the ghost peaks. Nevertheless they were stil present, leading to
an increase of the detection Imit of methane. In addition, this procedure created new peaks
close to 0.7 minute®f retention. These correspond to peaks pa@ N from air

accidentally injected during the piercing of the septum.
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