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/ Analiza accidentelor postulate de pierderea agenﬂm

de rdacire in reactoarele CANDU 6, trebuie sa ia in
considerare starea de oxidare si microstructura tuburilor de
presiune din aliajul Zr-2,5%Nb. in lucrare sunt utilizate
tehnici de microscopie optica, electronica de baleiaj si
spectrometrie de raze X pentru caracterizarea materialului
oxidat i supus unor tranziente termice de tip LOCA. Probe
oxidate izoterm la 700°C, cu grosimi diferite ale stratului de
oxid, au fost supuse unor tranziente termice pdna la 1000°C
cu viteze de Iincalzire/racire controlate.  Efectele
modificarilor microstructurale din oxidul de zirconiu format,
precum si al aliajului de baza, sunt corelate cu
caracteristicile tranzientelor termice.

f Analysis of postulated loss-of-cooling accide%
(LOCA) in CANDU 6 reactors has to consider oxidised state

and Zr-2.5%wtNb alloy microstructure. During thermal
transients, in oxidized alloy, microstructure changes in
oxide layer and material base have been observed by
optical microscopy, scanning electron microscopy (SEM)
and energy dispersive X-ray s’!aectrometry (EDS). Samples
isothermally oxidized at 700°C, with variable thickness
oxide layers, were subjected to the various temperature
transients up to 1000°C, at different controlled
heating/cooling rates. The effects of oxide and alloy
microstructural changes are correlated with the
characteristics of thermal transients.
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1. Introducere

Reactoarele presurizate cu apa grea
(PHWR) au in componenta lor aliaje de zirconiu
deoarece, in conditii de operare au valori mici ale
sectiunii eficace de absorbtie de neutroni si ale
fluajului la iradiere, precum si o rezistenta mare la
coroziune. Aliajul de fabricatie al tuburilor de
presiune din canalele de combustibil, Zr-2,5%Nb, a
inlocuit aliajul Zircaloy-2 datoritd proprietatilor
mecanice si fizice mai bune. Temperatura agentului
de racire variazd de la 260°C (intrare) la 310°C
(iesire), iar presiunea este in domeniul 9 — 11 MPa.
Procesele de fabricatie ale tubului de presiune
CANDU presupun tratamente termice in urma
carora se obtine o microstructurd hexagonal
compacta (HCP) puternic anizotropa [1].

Intr-o analiz& de tip LOCA, cerinta consta
in verificarea mentinerii integritatii structurale a
tubului de presiune, ca o a treia bariera pentru
eliberarea produsilor de fisiune. In timpul LOCA,
prin umflarea circumferentiala a tubului de presiune
la contactul cu tubul calandria se produce transferul
termic intre agentul de racire primar si moderatorul
aflat la temperaturd scazuta. Transferul termic se
inrautateste datoritéd filmului de oxid format sau
daca acest film de oxid apare in timpul tranzientei
termice propriu-zise de tip LOCA.

O tranzienta de tip LOCA, presupune viteze
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1. Introduction

Pressurized Heavy Water Reactor (PHWR)
uses zirconium base alloys due to their low neutron
absorption cross-section, low irradiation creep and
high corrosion resistance in operating reactor
conditions. Zr-2.5%wtNb alloy, used for pressure
tubes from fuel channels, has replaced Zircaloy-2
due to better physical and mechanical properties.
The temperature of coolant fluid from pressure
tubes inside varies from 260°C (inlet) to 310°C
(outlet) and its pressure is in 9 to 11 MPa range.
Manufacture processes of CANDU pressure tube
suppose thermal treatments and a highly
anisotropic hexagonal close packed (HCP)
microstructure is obtained as fabricated [1].

In analysis LOCA, the requirement is to
maintain the structural integrity of pressure tube, a
third barrier for gas fission products release. During
LOCA, if pressure tube contacts the calandria tube
by ballooning, a heat transfer between cooling
agent and moderator at low temperature occurs.
The thermal transfer deteriorates if at pressure tube
inside surface grown an oxide layer or if this layer
is produced during LOCA thermal transient.

A LOCA thermal transient assumes
increasing rates of temperature up to 40°C/s,
temperatures between 610°C and 1070°C and
internal pressure between 0.2 MPa and 8.5 MPa.
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de incalzire a tubului de presiune de pana la 40°C/s,
temperaturi intre 610°C si 1070°C si presiuni interne
intre 0,2 MPa si 8,5 MPa

Proprietatile termice ale oxidului de zirconiu
format sunt diferite de ale aliajului, efectul oxidului
find acela de reducere a fluxului de caldura
transferat spre moderator si o intarziere a eliberarii
caldurii.

Unul dintre factorii principali care afecteaza
comportarea termo-mecanica a tubului de presiune,
dand posibilitatea de defectare a acestuia, o
reprezinta expunerea in abur la temperatura mare
[2]. Modificarile microstructurii oxidului de zirconiu
precum stratificarea, exfolierea sau cresterea
porozitatii, pot altera transferul de caldura prin
peretele tubului de presiune fata de cazul in care
oxidul nu este prezent.

Tubul de presiune se poate defecta prin
fragilizare cu oxigen, iar formarea unui strat de oxid
si difuzia oxigenului Tn substratul metalic ii pot
deteriora proprietatile mecanice cum ar fi rezistenta
mecanica si ductilitatea, conducand in final la
deteriorarea acestuia.

O aprofundare a problemei consta 1in
predictia cu acuratete a raspunsului oxidului la
tensiunile termice produse de tranzientele termice
specifice LOCA. Astfel, investigarea comportarii, in
tranziente termice, a straturilor de oxid crescute pe
suprafata tuburilor de presiune in conditii similare cu
cele ale accidentului postulat, poate sa duca la
obtinerea a numeroase informatii.

In plus, diversele metodologii aplicate pentru
securitatea centralelor nucleare si managementul
lor, implicd necesitatea imbunatatirii continue a
bazei de date despre materiale si a modelelor pentru
prezicerea cu acuratete a comportarii
componentelor canalului de combustibil Tn scenarii
de accident.

in aceasta lucrare s-a studiat microsctructura
tubului de presiune oxidat in tranziente termice,
fragilizarea acestuia acoperind urmatoarele arii de
interes:  oxidarea izoterma, modificari ale
microstructurii aliajului oxidat Tn timpul tranzientelor
termice cu diferite viteze de variatie a temperaturii,
determinarea compozitiei chimice gi masuratori de
profil de oxigen Tn oxid si in substratul metalic.

Principalele instrumente utilizate sunt bazate
pe microscopia optica si cea electronica de baleiaj
(SEM) prin procesarea diferitelor semnale cum ar fi
electroni secundari, electroni retroimprastiati, si pe
spectrometria de raze X cu dispersie dupa energie
(EDS) si prelucrarea spectrului de raze X
caracteristice.

2. Experimentari

2.1 Aliajul utilizat in experimentari

Materialul utilizat Tn acest studiu a fost aliaj
Zr-2,5%Nb provenit dintr-un tub de presiune CANDU
comercial. Proba in stare de livrare, Pm, corespunde

The thermal properties of oxide are expected
to be different than alloy’s, the effect of an oxide
layer being the restriction of heat flux transferred to
moderator, and a delay of heat release.

One of major factors affecting the thermo-
mechanical behaviour of pressure tube and the
possibility of its failure is the exposure in steam at
high temperature [2]. Changes of morphology of
zirconium oxide like as layering, spalling, porosity
increasing can alter the heat transfer by pressure
tube wall.walls changes than the case no oxide.

The pressure tube may fail due to
embrittlement by oxygen, and the formation of a
oxide layer and the diffusion of oxygen into the
substrate metal can affect the strength and ductility
of pressure tube and lead to failure.

The extent of problem is the accurate
prediction of oxide response at thermal stresses
produced by thermal transients specific at LOCA.
Therefore, the behavior investigation in thermal
transients of oxide layers grown on the pressure
tubes, similar those from postulated accident
conditions can provide a lot of information for the
problem above described.

In addition, various methodologies applied
for nuclear power plant safety and its management
request the continuously improvement of materials
database and models for accurate behavior of fuel
channel components during accident scenarios.

In this report we study the oxidised pressure
tube  microstructure  morphology and the
embrittlement in thermal transients, covering areas
consisting in: isothermal oxidation, changes of
microstructure and behavior of oxidized alloy in
thermal transients with different
increasing/decreasing rates, elemental composition
determining and measurement of oxygen profile in
metal substrate and in oxide.

The main tools for evaluations is based on
the optical and scanning electron microscopy
(SEM) by processing of different signals such as
secondary electrons, backscattered electrons and
also based on energy dispersive X-Ray
spectrometry (EDX) and characteristic X-ray
spectrum processing.

2. Experimentals

2.1 Alloy

The base material used in this study was
cold worked Zr-2.5%Nb alloy from commercial
CANDU pressure tubes. As received sample, Pm,
corresponds to an o structure containing an
alignment of small precipitates (Figure 1).

Table 1 summarizes the chemical
composition and impurities content (% weight) in
used alloy. For determining the chemical
composition was used ,ARL ADVANT'X Series”
fluorescence  spectrometer and ,UNIQuant’
software with a standardless method for spectrum
processing. The accuracy of analysis is evaluated
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unei microstructuri o contindnd siruri aliniate de
precipitate mici (fig. 1).

Tabelul 1 prezintd compozitia chimica si
continutul de impuritati (in % masice) din aliajul
utilizat. Pentru determinarea compozitiei chimice s-a
utilizat spectrometrul de fluorescentd “ARL
ADVANT’X Series”, iar prelucrarea spectrului s-a
efectuat printr-o metoda fara standarde, prin

intermediul softului “UniQuant”.
Tabelul 1

Compozitia chimica a aliajului Zr-2,5%Nb utilizat
Elemental composition of used Zr2.5%Nb alloy

Zr Nb Na Mg Si Fe Mo
94.51 244 | 233 | 0.32 | 0.114 | 0.088 | 0.063

Acuratetea analizei a fost evaluata la 0,08
pentru Nb, 0,07 pentru Na, 0,015 pentru Mg si mai
bunda de 0,01 pentru restul elementelor.
Experimentele de laborator au utilizat probe
cilindrice cu lungime de 10 mm si diametru de 4 mm.

2.2 Oxidarea izoterma

Patru probe, P1, P2, P4, P7, au fost incalzite
pana la temperatura de 700°C intr-o termobalanta
de tip ,SETARAM SETSYS EVOLUTION 24", si au
fost oxidate izoterm in abur dinamic pentru diferite
intervale de timp. Temperatura probelor s-a masurat
cu un termocuplu Pt-PtRh10%. Un generator de
umiditate controlata, Wetsys, a asigurat controlul si
reglarea umiditatii.

Masurarea castigurilor in greutate pentru
fiecare prob& s-a facut automat in timpul oxidarii. Tn
tabelul 2 sunt prezentati parametrii si rezultatele
procesului de oxidare pentru 4 probe.
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at 0.08 for Nb, 0.07 for Na, 0.015 for Mg and better
than 0.01 for the rest of elements.

The laboratory experiments used cylindrical
samples with 10 mm length and a diameter of

Fig. 1 - Microstructura initiala a probelor de Zr-2,5%Nb / Initial
microstructure of Zr-2.5%Nb samples.

2.2 Isothermal oxidation

Four specimens, P1, P2, P4, P7, were
heated up to 700°C in SETARAM SETSYS
EVOLUTION 24 thermobalance, and were
isothermally oxidized in a flowing steam for
different time intervals. The temperature was
measured by a Pt-PtRh10% thermocouple. A
Wetsys controlled humidity generator ensured the
humidity level control and regulation.

The measurements of weight gains of the
samples performed in situ. Table 2 presents the

Tabelul 2
Parametrii si rezultatele proceselor de oxidare
The parameters and results of oxidation process
Indicativ Masa Temperatura Timp Masa Variatia de Castig in Grosime masurata Continut
Specimen initiala oxidare finala masa greutate oxid oxigen
No. Initial Temperature | Oxidation Final Weight Weight Measured oxide Oxygen
weight time weight difference gain thickness content
(@) (C) (h) m(g) (mg) (mg/dm?) (Um) (Yowt.)
P1 0.74449 700 3 0.74785 3.36 203.33 9 0.451
P2 0.77052 700 6 0.77512 4.60 276.03 10 0.597
P4 0.74200 700 1 0.74376 1.76 106.99 7 0.237
P7 0.72622 700 28 0.73485 8.63 531.57 25 1.188

2.3. Tranziente termice

in vederea simularii conditiilor LOCA, probele
au fost supuse unor tranziente termice succesive in
mediu argon, in domeniul de temperatura 25°C —
1000°C, tranziente compuse dintr-o incélzire urmata
de o racire cu aceeasi viteza. Vitezele de crestere si
scadere a temperaturilor au fost: 3, 10, 30, 50,
75°C/min. Tratamentele termice, caracteristicile
fiecarei tranziente termice suferite de probe sunt
prezentate in tabelul 3.

O alta proba, PO, a suferit numai o tranzienta
termica, incalzire/ricire, cu viteza de 10°C/min, fara
oxidare prealabila.

Termobalanta

SETARAM SETSYS

parameters and results of oxidation process for 4
samples.

2.3 Thermal transients

For simulating LOCA conditions, the
samples supported in an argon environment
subsequent thermal transients in 25°C — 1000°C
temperature range composed from a heating
followed by cooling with same rate. The rates have
been: 3, 10, 30, 50, 75°C/min. The thermal
treatments and the characteristics of each thermal
transient supported by samples are presented in
Table 3.

One sample, PO, supported only a thermal
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EVOLUTION 24 a asigurat viteze constante la
incalzire si racire, precum si mediul de lucru argon.
Temperatura a fost masuratd cu un termocuplu
confectionat din Pt-PtRh10%.

transient with the rate 10°C/min without any
previously oxidation.

SETARAM SETSYS EVOLUTION 24
thermobalance assured the constant rates for

Tabelul 3
Caracteristici ale ciclurilor termice
Caracteristics of thermal transients
Indicativ PO P1 p2 p7
Specimen No.
Tranzienta 1 Domeniul de temperatura 25-1000 25-1000 25-1000 25-1000
’ Temperature range [°C... °C]
Transient 1 Viteza de racire
Cooling rate [°C/min] 10 10 50 30
Viteza de incalzire
Heating Rate [°C/min] 10 10 50 30
A = 19 0,
Tranzienta 2 Domeniul de temperatura ['C... 'C] - 25-1000 25-1000 25-1000
’ Temperature range [°C... °C]
Transient 2 Viteza de racire _ 30 3 3
Cooling rate [°C/min]
Viteza de incalzire
Heating Rate [°C/min] 30 3 3
. = 0, 0,
Tranzienta 3 Domeniul de temperatura [°C... "C] - 25-1000 25-1000 25-1000
’ Temperature range [°C...°C]
Transient 3 Viteza de racire
Cooling rate [°C/min] 50 10 10
Viteza de incalzire
Heating Rate [°C/min] ) 50 10 10
Tranzienta 4 Domeniul de temperatura ['C... "C] - 25-1000 25-1000 25-1000
’ Temperature range [°C...°C]
Transient 4 Viteza de racire
Cooling rate [°C/min] 3 30 50
Viteza de incalzire
Heating Rate [°C/min] ) 3 30 50
Tranzienta 5 Domeniul de temperatura ['C..."C] - 25-1000 25-1000 25-1000
’ Temperature range [°C... °C]
Transient 5 Viteza de racire
Cooling rate [°C/min] ) 75 75 75
Viteza de incalzire
Heating Rate [°C/min] S S S

2.4. Metode de caracterizare

Pe probele obtinute dupa tranzientele
termice, diferitele faze au fost observate prin
intermediul microscoapelor optic sau electronic de
baleiaj. Microstructuri diferite de faza o, B si oxid au
fost analizate cu spectrometrul de raze X cu
dispersie dupa energie (EDS); spectrul de
fluorescentd a fost procesat folosind un fascicul
nefocalizat (3 micrometri) in puncte marcate pe
imagini.

Analiza chimica si profilul liniar al elementelor
au fost efectuate cu AXS Brucker in SEM utilizadnd o
tensiune de accelerare de 30 V.

Probele, decapate cu un amestec (apa
distilatd 45 cm® + HF 10 cm® + HNO; 45 cm®) au fost
utilizate pentru punerea in evidenta a cristalitelor
atat in microscopul optic cat si in cel electronic de
baleiaj. Probe nedecapate au fost utilizate pentru
analiza de raze X.

Valorile masurate au fost corectate utilizadnd
un program de calculator care ia Tn considerare
efectul numarului atomic (Z), absorbtia (A), si
fluorescenta (F) — metoda ZAF.

heating and cooling and the argon environment.
The temperature was measured by a Pt-PtRh10%
thermocouple.

2.4. Characterization methods

On samples obtained after thermal transients,
various phases were observed by optical and
scanning electron microscopy. The different
microstructures from a, B phases and oxide are
analyzed  with  energy dispersive  X-ray
spectrometer (EDS); the fluorescence spectrum
was processed using a unfocussed microprobe (3
micrometers) in the points marked on the pictures.
The chemical analysis and line profile of elements
have performed by AXS Brucker in SEM using a
30V accelerating voltage.

Samples etched by the mixture (distilled water
45 cm® + HF 10 cm® + HNO; 45 cm?®) were used for
grain evidence in both optical and scanning
electron microscopes.

Un-etched samples were used for microprobe
analysis. Measured values were corrected by a
computer program tacking account the effect of
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3. Rezultate si interpretari

3.1 Microstructura tubului de presiune in stare
de livrare

Tubul de presiune din reactoarele CANDU in
operare sunt din Zr-2,5%Nb prelucrat la rece si sunt
fabricate prin extrudare la cald, laminare la rece,
detensionare la 400°C [3]. Figurile 2 si 3 prezinta
imagini optice de graunte din sectiunile longitudinala
si respectiv transversala a tubului de presiune in
stare de livrare, proba Pm. Imaginile prezinta o
structura bifazica cu textura definitd. Grauntii de faza
o au forma de plachete (continand 0,6 - 1 % Nb),
sunt asezati sub forma de stiva si separati printr-o
faza p de neechilibru cu un continut in niobiu de
~20%. Imaginile din figurile 2 si 3 afiseaza o
structura o/p tipica cu graunti uniformi gi alungiti in
directii longitudinala, respectiv transversala.

Fig. 2 — Imagine de graunte din sectiune longitudinala din proba
in stare de livrare, Pm/ Image of grains, longitudinal
section from as received sample, Pm.

Dimensiunile grauntilor sunt de aproximativ
0,5 um in directie radiala, intre 8 si 20 pm in directie
longitudinala si intre 1 si 3 um in directie
transversala.

3.2 Microstructura tubului de presiune neoxidat
dar cu tranzienta termica

Proba PO, esantionata din aliajul neoxidat,
dar care a trecut printr-o tranzientd termica, si-a
modificat microstructura.

in figurile 4 si 5 sunt prezentate imagini de
graunte de pe proba PO, din sectiuni longitudinala,
respectiv transversald. Se observa ca, la trecerea
peste temperatura de tranzitie (a+p) / B, s-au format
graunti B foarte mari. in timpul r&cirii, in interiorul
grauntilor f au inceput sa creasca graunti o alungiti
formand structuri Widmanstatten (mozaic). Alti
graunti o se asaza de-a lungul limitelor grauntilor p,
facandu-le vizibile si la temperaturi mici.

La incalzire se produc modificari
microstructurale care afecteaza proprietatile mecanice
[4]. Sub 610°C, Zr-2,5%Nb este in faza o, peste
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atomic number (Z), absorption (A), and
Fluorescence (F) - ZAF method.

3. Results and discussions

3.1. Microstructure of pressure tube as received

The pressure tube in current CANDU
reactors are cold-worked Zr-2.5%wtNb, and are
fabricated by hot extrusion, cold drawing and stress
relieving at 4000C [3]. Figures 2 and 3 displays
images of grains in longitudinal and, respectively
transversal sections in as received pressure tube,
Pm sample. The Figures show the dual phase
structure of as received pressure tube, with defined
texture. The a-phase grains have platelets form
(containing 0.6 - 1% Nb in solution) stacked
together and separated by non-equilibrium 3 phase
~ 20%Nb. The Figures 2 and 3 exhibits a
o/P structure typically with uniform and elongated
grains in longitudinal, respectively transversal
directions.

Fig. 3 — Imagine de graunte din sectiune transversala din proba
in stare de livrare, Pm/ Image of grains, transversal
section from as received sample, Pm.

The grain sizes are 0.5 pm in radial
direction, between 8 and 20 pum in longitudinal
direction, and between 1 and 3 um in transversal
direction.

3.2. The microstructure of pressure tube un-
oxidized and affected by thermal transient

The sample PO, cut from un-oxidized alloy
but passed by a thermal transient, changes its
microstructure.

Figures 4 and 5 present images of grains
from PO sample from longitudinal, respective
transversal sections. It can observe, the forming of
very large B grains above temperature of transition
(a+P)/ B. During cooling, inside of B grains the
elongated o grains forming Widmanstatten
structures have been grown. Other a grains lay on
B grain limits, being visible at lower temperatures.



354 M. Mihalache, T.Meleg, M. Pavelescu / Study on the microstructure changes of Zr-2.5%Nb due to the LOCA thermal transients

Fig. 4 —Imagine de graunte din sectiune longitudinala din proba
Po /Image of grains, longitudinal section from sample Po.

925°C este in faza B, in timp ce intre aceste
temperaturi are o structura bifazica (a+p).

Pe langa aceste modificari de faza,
restaurarea prelucrarii la rece incepe la 600°C [4],
cresterea grauntilor si recristalizarea incep la
aproximativ 700°C [5]. Continutul de oxigen din aliaj
modifica temperatura de tranzitie (a+f)/ 3 [6] si alte
modificari microstructurale sunt posibile daca la
suprafata aliajului se formeaza un film de oxid [7].
Aceste  modificari  microstructurale  complica
modelarea comportarii termomecanice in tranziente
termice.

3.2 Microstructura tubului de presiune oxidat si
afectat de tranziente termice multiple

In figura 6 este prezentatd microstructura la

suprafata probei neoxidate PO, iar in figura 7 cea a

probei oxidate P1, dupa tranzientele termice

specificate.

Fig. 6 - Imagine microstructurala din proba neoxidata Po / Image
of microstructure from un-oxidized sample Po.

in figura 6 se observa ca in absenta oxidarii,
la suprafata materialului microstructura de graunte
este aceeasi ca cea din restul aliajului, in timp ce
daca pe suprafatd existd un strat de oxid (ca in
figura 7 in cazul probei P1) microstructura este
modificata.

Fig. 5 — Imagine de graunte din sectiune transversala din proba
Po/ Image of grains, transversal section from sample
Po.

On heating, microstructure changes occur
that affect the mechanical properties [4]. Below
610°C, the Zr-2.5%Nb is in a—phase, above 925°C
it is in the B-phase, while between 610°C and
925°C it has a two-phase structure.

Along with phase changes, recovery of cold
work begins at about 600°C [4], grain growth and
recrystallization begins at about 700°C [5]. The
oxygen content in alloy changes the (a+B)/
transition temperature [6] and other changes in
microstructure are possible if oxide is grown on the
alloy surface [7]. These microstructure changes
complicate the modeling of mechanical behavior in
thermal transients.

3.2. The microstructure of pressure tube oxidized
and affected by thermal transients

Fig. 7 - Microstructura din proba oxidata, multiple tranziente
termice (P1)/ Microstructure from oxidized sample
followed by multiple thermal transients (P1).

Figure 6 shows the microstructure at
surface of un-oxidized sample PO, and figure 7 at
surface of an oxidized sample P1 after specifically
thermal transients.

Figure 6 shows same microstructure at
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Pe toate probele oxidate s-a observat
prezenta unui strat de oxid dens, stratificat, poros
sau fisurat.

S-a observat ca sub stratul de oxid apare un
strat cu o microstructura diferitd. Pentru a studia
acest strat s-a apelat la microscopia electronica de
baleiaj.

Imaginea topografica de electroni secundari
(SE) din figura 8 prezinta o sectiune transversala a
probei oxidate P2. Ea a scos 1n evidenta ca acest
strat contine graunti echiacsi (cu dimensiuni de
graunte egale in cele trei directii ale tubului
longitudinala, radiala, circumferentiald) al caror
diametru creste cu distanta fata de interfata metal-
oxid. Pe aceasta proba s-a aratat ca stratul de oxid
este compus din doua substraturi.

Imaginea de electroni retroimprastiati (BSE),
fig. 9), a scos in evidenta doua straturi care au fost
diferentiate prin contrast de numar atomic: gri inchis
pentru oxid (fara a diferentia substraturi), gri
deschis pentru restul aliajului, iar limitele de
graunte, bogate in Nb, sunt luminate cu alb.
Asadar, stratul cu graunti mici si echiacsi (cu
grosime de ~40 um) este un strat de graunti a-Zr,
stabilizat de stratul de oxid sau de oxigenul difuzat
in aliaj in timpul perioadei de incalzire.

Fig. 8 - Imagine de electroni secundari a probei P2 aratand
microstructurile aliajului si oxidului/ Secondary electron
image of P2 showing alloy and oxide microstructures.

Figura 10 prezinta o imagine BSE a
microstructurii din proba P4. Aceasta scoate in
evidenta limitele de graunte si, de asemenea, stratul
de oxid. Aceasta structura a fost examinata prin
spectrometrie de raze X cu dispersie dupa energie
(EDS); spectrul de fluorescenta a fost procesat in
punctele marcate pe imagine, in tabelul 3 fiind
prezentate rezultatele obtinute pentru compozitia
chimica din fiecare punct analizat. Spectrul a fost
procesat cu softul Quantax Esprit 400 cu o metoda
automata, fara standarde (PB/ZAF standardless).
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surface as alloy inside, while if an oxide are on the
surface (as in Figure 7 on sample P1) then the
microstructure presents changes.

An oxide layer is found in all oxidised
specimens. The oxide can be dense, layered or
porous and cracked.

All Zr-2.5%Nb oxidized samples have a
layer with a different microstructure under the main
oxide layer. This layer was examined by scanning
electron microscopy.

The secondary electron (SE) image from
Figure 8 presents a transversal section of oxidized
sample P2. It revealed that the layer under oxide
contains equiaxed grains (equal sizes in all 3
directions of pressure tube, axial, radial,
circumferential) with grains sizes increasing with
the distance from metal-oxide interface. The SE
image of P2 shows a double-layered oxide.

In the BSE image (Figure 9) there is a
distinguish between two layers differentiated by
atomic contrast, dark-grey for oxide (no import how
many layers), light grey for alloy, and the grain
boundaries enriched in niobium are highlighted in
white. Therefore, the layer with small equiaxed
grains (~40 um in P2 sample) is a layer composed
from alpha zirconium grains stabilized by oxide
layer or by the oxygen diffused in the alloy during
heating period.

v T20um

Fig. 9 - Imagine de electroni retroimprastiati a probei P4
aratand microstructurile aliajului i oxidului / back-
scattered electron image of P4 sample showing alloy
and oxide microstructures.

Figure 10 presents a BSE image of
microstructure in sample P4. This image shows the
grain boundaries and also an oxide layer which
consists in multiple layers. This microstructure was
examined by energy dispersive X-ray spectrometer
(EDS); the fluorescence spectrum was processed
in the points marked on the picture, in table 3 being
presented the results of elemental composition in
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Tabelul 4

Compozitia chimica in punctele din figura 10
The elemental composition in the points from Figure 9.

Puncte Zr continut O continut Nb continut
analizate Zr Content O Content Nb Content
Point [ %wt] [ %wt] [ %wt]

analyzed
P1+ 94 0 6
P2+ 96.7 0 3.3
P3+ 72.4 27.6 0
P4+ 96.5 0 3.5
P5+ 93.3 0 6.7
P6+ 96.9 0 3.1
P7+ 96.8 0 3.2

Cand continutul de oxigen din zirconiu
depaseste 26 procente masice [8], punctul P3+ din
imaginea 10, se formeaza dioxidul de zirconiu. Din
analiza EDS s-a constatat ca oxidul prezinta un
continut de niobiu mai scazut (in determinarile
noastre valoarea 0)

Stratul aflat imediat sub oxid raméane in faza
o-Zr stabilizata (punctele P2+, P4+, P6+, P7+), care,
in testele noastre, are valoarea 0 pentru continutul
de oxigen si de ~ 3,5 % masice pentru concentratia
de niobiu. Rezultatele EDS aratd un continut n
niobiu mai mare, de peste 6 % masice (punctele
P1+ si P5+), in interiorul materialului care a fost in
faza B la temperaturi ridicate.

Este evident ca foarte putin oxigen difuzeaza in
regiunea centrald a peretelui tubului. Dacéa continutul
de oxigen din stratul B - Zr raméane suficient de mic,
atunci este mentinuta o ductilitate suficientd pentru a
asigura rezistenta la rupere. in consecinta, stratul
B- Zr este cel mai important strat in raport cu
defectarile tubului de presiune in timpul accidentelor
de tip LOCA.

Imaginile de electroni secundari, din figurile 11
si 12 arata o suprafata fragila a oxidului de zirconiu,
puternic fisurata. Numeroasele fisuri din stratul de
oxid sunt atribuite tensiunilor termice dezvoltate in
decursul tranzientelor.

Prin fisurarea oxidului tensiunile termice se
relaxeaza, fard sa ofere o rezistenta efectiva la
rupere in timpul tranzientelor termice.

Sectiunile transversale a probelor oxidate din
figurile 13 si 14, obtinute prin mocroscopie optica pe
proba P1 reflecta  imaginea  modificarilor
microstructurale dar si caracterul fisurarii. Fisurile,
initiate  in oxid traverseaza stratul = a—Zirconiu,
oprindu-se in stratul imediat urmator. Astfel ca se
poate considera ca si stratul imediat sub oxid este
destul de fragil si nu opune rezistenta la propagarea
fisurii prin socul termic.

Figura 13 prezinta o fisura care s-a propagat
prin acest strat, intrd& Tn materialul de baza,
caracterul fisurarii fiind transgranular.

4. Concluzii

Analizele microstructurale ale probelor de
aliaj Zr-2,5%Nb supuse unor tranziente termice
similare celor din accidentele postulate de tip LOCA

each point analyzed. The spectrum was processed
by Quantax Esprit 400 software with an automatic
standardless method (PB/ZAF standardless).

W i,

ar
SEM MAG: 1.29 kx PC: 10 L
WD: 15.6360 mm Det: SE Detector a0 pm
SEM HY: 30,00 kY Device: VEGA I LU

L
VEGALTESCAN gl
Digital Microscopy Imaging

Fig. 10 - Imagine de electroni retroimprastiati cu contrast de
numar atomic; punctele in care s-a facut examinare
EDS / Backscattered electron image with atomic
contrast; points where was determined the elemental
composition by EDS.

When the oxygen content in zirconium
exceeds 26 percent by weight (wt%) [8], the point
P3+ from picture 10, zirconium dioxide forms. From
EDS analysis is seem a lower niobium content
(null) in oxide.

The closest layer under oxide remains in
stabilized alpha phase (points P2+, P4+, P6+,
P7+,), which, in our tests, has value 0 for oxygen
content and ~ 3.5%wt for niobium content. The
EDS results shows a Nb content higher inside of
material, above 6%wt. (points P1+, P5+), which
was in B —phase at high temperature.

It is clear that less oxygen diffuses into the
central region of tube wall thickness. If the oxygen
content of beta layer remains below certain limits,
sufficient ductility is retained to offer resistance to
fracture. Consequently, the B layer is the most
important layer with respect pressure tube failures
during LOCA.

The secondary electron images, Figures 11
and 12, have revealed that the surfaces of oxide
films are friable and heavily cracked. They shows a
lot of cracks in oxide, which can be attributed to
thermal stresses due to thermal expansion.

The oxide relaxes by cracking, is a brittle
ceramic and it is considered to no offer effective
resistance at fracture during thermal transients.

Figure 13 and 14 shows a cross-section
image of oxides and microstructures, obtained by
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ciclurilor termice de tip LOCA

viewfield: 3016pm L o v 0 1oy o4y
Det: SE Detector 10 um WEGAL TESCAN
Mame: P2_ext_5k_1.4if Digital Microscopy Imaging

SEM MAG: 5.00 lo
SEM HY: 30,00 kv
SEM MAG: 5.00 la

Fig. 11 - Fisuri in stratul de oxid generate de tensiunile
termice(P2) / The cracks in the oxide layer due to
thermal stresses(P2).
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Fig. 13 — Fisura initiata in oxid, propagata in stratul a- stabilizat gi
opritd in structura Widmanstatten / A crack initiated in
oxide, propagated in a-Zr stabilised layer and arrested
in Widmanstatten structure (P7).

au pus in evidenta urmatoarele aspecte:

a. stratul de oxid creste semnificativ in
decursul unei tranziente termice daca proba se afla
in mediu de vapori, concomitent cu modificari
microstructurale ale aliajului de baza (morfologie de
graunti, transformari de faza etc.);

b. modificarile  microstructurale se
caracterizeaza prin urmatoarea succesiune de
straturi, indiferent de secventele si ratele de
incalzire/racire: un strat de oxid de zirconiu, un strat
de a-Zirconiu cu graunti echiacsi, o structura
Widmanstatten (formata din plachete o/B);

C. datorita tensiunilor termice
dezvoltate in decursul tranzientelor termice apar
numeroase fisuri in stratul de oxid, care ulterior se

SEM MAG: 5.00 kx
SEM HY: 30000 kY
SEM MAG: 5.00 kx

L
VEGAN TESCAN
Digital Microscopy Imaging

“iew field: 30,16 pm
Det: SE Detector 10um
Marne: P1_ext &K_1.tif

Fig. 12 - Fisuri in stratul de oxid generate de tensiunile
termice(P1) / The cracks in the oxide layer due to
thermal stresses(P1).

Fig. 14 - Fisura propagata transgranular fin structura
Widmanstatten / The crack transgranular
propagated in Widmanstatten structure (P2).

optical microscopy in P1 sample, obtained by
metallographic methods. The cracks, initiated in
oxide, passed by a-Zirconium layer and arrested
in the next layer. In conclusion, the layer
immediately under oxide is also brittle and is
generally considered to no offer resistance at
fracture by thermal shock.

In Figure 13 is presented a crack which has
propagated by this layer, and afterwards has
penetrated the rest of material, this being a local
transgranular fracture.

4. Conclusions

The microstructure analyses carried out on
the Zr-2.5%Nb samples, that were subjected to
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propaga in substratul aliajului si Tn structura de tip
Widmanstatten, caracterul propagarii fiind
transgranular.

Se poate concluziona, astfel, ca analizele
termomecanice ale comportarii tuburilor de presiune
CANDU in conditii simulate de accident LOCA,
trebuie sa tina cont, in mod specific, de degradarea
proprietatilor de material i ale microstructurii
devenita fragila Tn conditi de oxidare puternica,
precum si de Tinrautatirea transferului termic al
caldurii catre moderator.
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