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Abstract

Zircaloy-4 oxidation behavior at high temperatu®8Q°C), which can be reached in case
of severe accidental situations in nuclear pressdrnater reactor, was studied using acoustic
emission analysis coupled with thermogravimetry.oTavfferent atmospheres were used to
study the oxidation of Zircaloy-4: a-helium and @axygen, b- helium and oxygen combined
with slight addition of air. The experiments witQ% of oxygen confirm the dependence on
oxygen anions diffusion in the oxide scale Undenigture of oxygen and air in helium, an
acceleration of the corrosion was observed dueh¢odetrimental effect of nitrogen. The
kinetic rate increased significantly after a kinetiansition (breakaway). This acceleration
was accompanied by an acoustic emission activitystMf the acoustic emission bursts were
recorded after the kinetic transition (post-transit or during the cooling of the sample. The
characteristic features of the acoustic emissigmads appear to be correlated with the
different populations of cracks and their occureeicthe ZrQ layer or in thex-Zr(O) layer.
Acoustic events were recorded during the isothedwnall time at high temperature under air.
They were associated with large cracks in the miecporous layer. Acoustic events were also
recorded during cooling after oxidation tests batidler air or oxygen. For the latter, cracks
were observed in the oxygen enriched zirconium hp@tase and not in the dense zirconia

layer after 5 hours of oxidation.

Keywords: Thermogravimetric analysis (TGA), Acoustic Emiss{&k), AE Burst, High
temperature corrosion, Zircaloy-4 (Zircaloy-4)



1. Introduction

Zirconium alloys are widely used as nuclear fuaddding material, and several studies have
investigated the behavior of these alloys in vagibigh temperature oxidative atmospheres
[1, 2]. The oxidation of Zircaloy-4 at high temptnee, is characterized by the growth of an
inward ZrQ layer. Thermally grown zirconia oxide scale cotss an external monoclinic
layer and of a thin tetragonal layer located cltsethe metal/oxide interface [3]. Some
authors [1, 2, 3] have detected a variation of kimetic rate, called breakaway, during the
oxidation process of Zircaloy-4 samples under Hie growth of the Zr@oxide scale leads
to residual stresses, both in the metal and iniqoéat in the oxide, due to the Pilling-
Bedworth ratio of 1.56 for the volume differencevibeen the metal and the oxiderevious
studies have proven the presence of different tygfestresses during the oxidation of
Zircaloy-4 [4, 5]. These stresses have severalegprences: Zr@layer cracks, spalling of the
thick scales, metal deformation, and stabilizatadnthe cubic crystallographic phase of
zirconia [6]. Parise [4] attribute the breakawaythe oxide layer crack network which gives
gases free access to the metal interface. Synohrdtray diffraction (S-XRD) experiments
[7-10] of samples oxidized in an autoclavave shown that oxides formed on zirconium
alloys are strongly compressed. When the oxider ldyekness increases, there is a reduction
in the compressive stress [11-12]. Some combinatioh mechanisms are relaxing the
compressive stress as mechanical factors, oxidatouced creep and strain, or crack
formation in the oxide layer. But some question stmain unresolved mainly at high
temperature which is far from the operating coodsi of the nuclear plants. As an example, it
is not clear at which stages cracks occur durirgakidation process. Stress relaxation by
cracks in the oxide layer may generate transiesdtiel waves which can be recorded and
analyzed using the acoustic emission system (AR @mission can be explained by abrupt
variations in the stress field. When elastic energjgxation occurs, it generates the high
frequency elastic waves (10 kHz-1200 kHz) calleduatic emission (AE) [13]. Irreversible
processes, such as local plastic deformations acksyr produce AE signals during high
temperature corrosiorOne of the most important advantages of investiga@coustic
emission is that the frequency of the signals iscimbigher than the frequency of the
environment noise as machine vibrations or humaeruventions. Acoustic emission also
represents an in-situ and a non-destructive mangomethod. It can be implemented on

industrial equipment at a moderate cost, but itmportant to adapt the AE devices to the



industrial environmental conditions, particularlt &igh temperature under corrosive

environments [14].

In this study an innovative device was used, base@GA analysis coupled with acoustic
emission. Sample mass variation and AE signals weoerded during oxidation of a
zirconium alloy, Zircaloy-4, at 900 °C. Simultansomeasurements of the two parameters,
mass variation and AE burst, combined wpbst mortemcharacterization of oxidized

samples, provided additional information on theeZlioy-4 corrosion mechanism.

2. Experimental

The experiments were performed on Zircaloy-4 ctd coupons with dimensions of 4.8 x
4.6 x 0.5 mm The chemical composition can be found in Tabl&4dmples were polished

and cleaned with acetone and ethanol before tloaban tests.

Table 1
Chemical composition of Zircaloy-4 in weight% or ppn

Sn (wWt%) Fe (wt%) O (wt%) Cr (wt%) C (wt ppm) Nb (w t ppm) H (wt ppm) Zr
1.32-1.35 0.21 0.123-0.129 0.11 125 -140 <40 3 <| Bal

Thermogravimetric analyses were carried out onnansgtric thermobalance (SETARAM
TAG 24) with Pt-Rh 6%/ Pt-Rh 30% thermocouples (ffggl), in order to measure sample
mass changes during the oxidation tests with aigpoecof + 0.001 mg. The oxidation test
temperature was set at 900°C £ 0.1°C and the lpasite was 15°C/min in pure helium
(Table 2). The isothermal dwell time was set atobrl. Once the desired temperature was
reached (T = 900°Cpurehelium was changed for a mixture of 75% He + 219%6+@% N
for the first series of oxidation tesi&his first gas mixture was chosen to representraleak
in an oxygen atmospherAn oxidant gas (80% He + 20%)wvas used for the second series
of oxidation tests (Table 3). In both series, tixédant gas was introduced by mass flow
meters with a total gas flow rate of 50 ml/min &nhaspheric pressure. The purge time is
about 7 minutes when introducing the test gas.cbading rate was 15°C/min under the same

process gas mixture.



Table 2
Impurity proportions (in ppm) present in He

0O, H,0 THC (as CHy) N,
<1 ppm <2 ppm < 0.5 ppm <5 ppm
Table 3
Data for the heating tests
Test He (%) | O, (%) | N, (%) Temperature (°C) Dwell time (h)
1and 2 75 21 4 900 5
3and 4 80 20 900 5
5 80 20 900 10

A discontinuous acoustic emission analysis (bunstlysis) is used in these tests. Burst
analysis is based on acoustic emissions relatediicidual events occurring in a material. An
AE burst starts when the signal amplitude excebdsset threshold (this threshold may be
fixed or self-adjusting to the noise level). SeVgrarameters can be calculated from an AE
burst. This study focused on the following paramgtéhe burst amplitude which is the
maximum amplitude reached during an AE BurstagBthe count is the number of threshold
crossings during an AE Burst, the average frequevitch is obtained from Count divided
by Duration; it determines an average frequency owe AE Burst (kHz).

Piezoelectric sensors enable AE signals to be dedorThey convert the mechanical
waves generated during the irreversible processeselectric signals. When piezoelectric
sensors are placed directly in contact with theenms, a low attenuation of the signal energy
is observed [13, 14]. When sensors cannot be pldicedtly on the sample, for example in a
high temperature environment, a waveguide may bd usorder to transmit the waves from
sample to sensor [15]. Different authors have nyaiskd alumina or platinum as waveguides
[16, 17]. These materials are characterized byh propagation velocity, and they conserve
the wave forms of the AE signals with a low attéraraof wave energy. Over the last few
decades, several authors have used acoustic emideidces during studies of the high
temperature corrosion behavior of metals and allsysel sulfidation [18], metal dusting
inhibition [19], and alloy oxidation [20]. Since 18 other authors have coupled acoustic
emission with thermogravimetric analysis (TGA) imder to improve understanding of



different high temperature corrosion phenomena 24, 23, 24, 25]. The sample mass
variation and the AE signals are simultaneouslgmded during these experiments.

A special acoustic device (wave guide) was develdjeeoptimize the transmission of
acoustic signals from samples (AE source) to thes@s (Figure 1). The waveguide was
designed in alumina to meet the following criterip:chemical resistance to corrosive
environments (oxygen or reductive atmospheres)chigmical inertness with regard to the
alloy samples; iii) good transmission of the acmustgnals (low attenuation of the signal
energy); and iv) optimization of the contact betwdke sample and the waveguide. The
guide’s dimensions were compatible with the intediameter of the furnace (2 cm) and with
the thermobalance maximum load (10 g). Coupons \p&aeed on the wave guide while
another wave guide without specimens was placedthan reference furnace of the
thermobalance in order to minimize the baselindt shiring experiments and to maintain
symmetry between the two parts of the thermobal@ricgire 1).

AE piezoelectric sensors were linked to the wavdgwia a metallic support, and then the
sensors and the metallic support were placed iriteeleold part of the thermobalance where
the temperature does not exceed 150°C. The semswes linked to an acquisition chain
controlled by the AEwifl" software and results were analyzed using NO®&siftware
provided by the Physical Acoustics Corporation Camp The characteristics of the
acquisition chain are given in Table 4. The thrés®very low, set at 18 di.

Table 4
Main characteristics of AE acquisition
Instrumentation Sensors Threshold System filter Model of the | Sampling rate PDT - HDT
(dBag) (KHz) amplifier -HLT
Characteristics PICO 30 18 10 - 1200 2/4/6 gain: 0.25 ps 100 - 200
60 dBe (4MHz) - 400 (us)

Discontinuous acoustic emission analysis (AE buvets used during this study. At
ambient temperature, the normalized Hsu-Nielsen[2&3 was carried out to verify the AE
system. This test simulates an acoustic emissientdwy breaking a 0.5 mm pencil lead tip
against the sample surface, generating an intesmestic signal quite similar to a natural AE
source that the sensors detect as a strong bueser@ly, the lead breaks should generate
amplitudes of at least 80 dBfor a reference voltage of 1 mV. The burst ampktwbtained



came to 90 dRs, confirming the satisfactory transmission of admusignals via the
waveguide at ambient temperature (25°C).

Am (mg)

el
Time (s)

Fig. 1. Symmetric thermobalance (TGA 24) couplethwicoustic emission devices (waveguide, sensogs, p
amplifier)

Blank tests without any specimen at 900°C undeorairxygen were carried out to validate
that the waveguide did not significantly react witte gas mixture. During the isothermal
dwell time (Figure 2), the stability of the masgr&l confirmed the chemical inertness of the
waveguide and the symmetry of the experimentalagevi
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Fig. 2. Blank test without specimen at 900°C uralgrmass gain (mg) and average frequency of théusits
as a function of time

3. Results

3.1. Oxidation tests under air

3.1.1 Thermogravimetry results

Specimen mass variations as a function of timecfwrosion tests under a mixture of
helium, oxygen and air (75% He + 21% ©4% N,) are presented in Figure 3. Although the
amount of air was low in the gas mixture, theststage named “air tests” hereafter. Rates of
mass gain are presented in Figure 4. Specimen wassormalized compared to the sample
surface. The sample weight was measured beforaféerdthe oxidation test with a precision

balance Mettler AG204. The ex situ measurementaydwonfirm the TGA’s mass gains.



There was no mass variation during the heating ngeupure He, whilair test results
show a significant increase of mass during the dtwak, with a gain of 42 mg/cm? after 5
hours of oxidation. Figure 4 shows no variationghie mass gain rate during heating up,
while the kinetic rate fluctuates after the introtlon of the gas mixture. At the end of the
test, the sample mass gain is equal to 21 mg.

An acceleration of the kinetic rate was observed02¢ (0.66 h) after the introduction of
the oxidant gas mixture under air. This acceleratiorresponds to the kinetic transition
called breakaway. The breakaway is mainly explaibgdhe appearance of cracks in the
primary dense thin layer of ZpQgiving oxygen free access to the metal oxide fater [1-6].

After the breakaway, the oxidation process is enbdn
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Fig. 3. Mass gain (mg/cm?) as a function of timemiy Zircaloy-4 oxidation tests 1 and 2 under air
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Fig. 4. Rate of mass gain (mg/cmz2.s) as a funceifdime during Zircaloy-4 oxidation tests 1land 2lanair

The decrease of the rate of mass gain after 3 tadurgh temperature is representative of
the thickness of material available. The maximumesponds to the beginning of the internal
contact between the oxide scales growing from sadace of the sample; if a thicker sample
had been used the process would continue.

Reproduced oxidation tests under air at 900°C atdithat the breakaway always occurs at
the same time; the reproducibility of the rate afss1gain after the kinetic transition remains

acceptable (to facilitate the reading only two @srare shown).

3.1.2. Acoustic emission results

Blank tests enabled the acoustic emission signdidgh result from the instrumental noise
(IN), to be distinguished. The characteristicshadse AE signals are given in Table 5. They
are characterized by a very short duration andvaniomber of counts, as 95% of the bursts
are characterized by 1 count and a duration of. Thsy also have a high average frequency
in the range of 200 kHz to 1000 kHz including thesanance frequency of the sensors
(300 kHz). Burst absolute energy is very low ancesimot exceed 0.1 aJd/burst. These

instrumental noise AE bursts were subtracted frioenacoustic emission analysis for the rest

of the study.
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Fig. 5. (A)Burst average frequency variations as a functfdinee for a blank test,e() burst average frequency
for Zircaloy-4 oxidation under air+) Zircaloy-4 mass gain (mg/cm?)

Figure 5 presents the curve of mass gain (dark bh&ircaloy-4 sample during oxidation
tests under air. AE burst average frequencies decoduring the oxidation are black dots. AE
burst average frequencies recorded for a blankaigisbut any sample are grey triangles; they
are characteristic of the instrumental noise fregies. Some bursts recorded during the
oxidation test are common with the blank test ghHrequencies from 250 to 1000 kHz. AE
bursts specific to the oxidized sample are chariaeid by a low average frequency from 0 to
200 kHz, which can be distinguished from the inskeatal noise frequencies. The
instrumental noise bursts have been removed frendala in the following Figures.

Figure 6 shows the burst amplitudes recorded duhagxidation tests in parallel with the
Kinetic rate variation as function of time. Accardito the kinetic rate curves, AE bursts were
recorded just after the kinetic transition (breagwoccurring 2400 s (0.66 h) after the
introduction of the oxidant gas mixture. Each tirae,intense AE activity appeared just after
the breakaway. These bursts, called post-transibonsts, were recorded during the
temperature dwell time and are characterized by nmamplitudes in the range of
18 to 40 dRe. AE bursts possess a low average frequency vabghgeen 1 kHz to 200 kHz
with an absolute energy average of about 10 ai/bAEssignals were also recorded during
sample cooling. The bursts recorded during thislicgostep were more energetic (100
aJ/burst) and characterized by long duration (408f@urst), and a high count number/burst

(300 counts/burst on average). AE burst charatiesisan be found in Table 5.
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Fig. 6. Rate of mass gain and burst amplitudefas@tion of time during Zircaloy-4 oxidation tests
under 75% He + 21% - 4% N,

Table 5
Parameters of acoustic bursts recorded during blankests and oxidation tests under air
Burst parameters Amplitude Absolute Duration Count Average
75% He + 21% O, + 4% (dBag / energy (us/burst) | numbers/burst frequency
N, burst) (aJ/ burst) (kHz/burst)
Blank tests 18 -20 0-0.01 1-2 1-2 200 - 10d
Air test dwell time
18 -40 0.01-100 2-7600 2 -500 1-200
Air test cooling 18-64 0.01 -1 000 2-12500 2-1500 1-200

3.1.3. Sample characterization after cooling

The cross section of oxidized sample (Figure 7)aioled with scanning electron
microscopy (JEOL 6500 F) indicates that cracksl@cated inside the inward zirconia layer.
Cracks are visible in the external dense zircomigel (type 1), and well distributed thin
convoluted cracks are observed parallel to the Inoeide interface (type 2) while big open
cracks can be seen perpendicular to this intertatal]y crossing the zirconia layer (type 3).
Based on the zirconium-oxygen binary diagram [2®] an Lassere and al. observations [1],
the sample core remains partially oxidized, formarga-ZrO solid solution of oxygen in

zirconium.



Fig. 7. SEM cross section of Zircaloy-4 oxidizedlanair at 900°C (X70)

Samples were also investigated usingimusitu Raman microscope (HORIBA JOBIN
YVON - XPLORA) at 900°C under air (79%,N 21% Q). Real time observation of sample
surface evolutions was possible, and thereforetifization of when sample surface cracks
(type 3) appeared (Figure 8) at between 3000s (@).&®hd 4200s (1.12 h) of dwell time, i.e.
after the kinetic transition. Then the cracks grawth micrometric thicknesses.

Fig. 8. Optical microscopy observation during ti@ation of the Zircaloy-4 under air at 900°C: (800
seconds; (b) 3000 seconds; (c) 4200 seconds hééntroduction of the oxidant gas

3.2. Oxidation tests under oxygen

3.2.1 Thermogravimetry results
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In Figure 9, it can be observed that the mass fgaithe oxygen tests (80% He + 20%)O
is much lower than the mass variations observedifotests. After 5 hours of oxidation the
weight gain was about 8 mg/cm2,
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Fig. 9. Mass gain as a function of time during Zloy-4 oxidation tests 3 and 4 under oxygen

The kinetic transition did not appear during thggen test, and the kinetic rate decreased
or remained constant throughout the experimentu¢eid.0). In order to confirm the absence
of the kinetic transition under oxygen at 900°@ thwell time was extended from 5 hours to
10 hours (Figure 10). Results obtained during tktereled test (10 hours dwell time) also
demonstrated the absence of kinetic transitionnguoxidation under oxygen. The apparent

mass loss of the samples during the cooling istlegravity effect.



0,0045

68
. N = Test 20% 02 + 80% He (5h
cooling after (Sh) cooling after (10h) es e (5h)
. 63....... Test 20% 02 + 80 % He (10h)
‘A
0,0035 T 58 4o Amplitude 20% 02 + 80% He (5h)
N 53 + Amplitude 20% 02 + 80% He (10h)
—~ A
) AA : .
‘E 0,0025 n * a8
S 4 . 2
2 2
2 i Iy . on 2
E 'f: ‘A A A ‘0 43 m
e €
% 0,0015 H at “ s 38 3
£ a £3 w2
™ *h 33 s
1%.20% O, + 80 % He (10h) Auad R £
= o ot <
0,0005 M m S 28
% 0, +80% He (Bh) s A memt
mer= | 20%0, +80% He (Sh), ﬁ‘}“ I 23
iy ity
_0’0005 A EAA“MM .:'..‘- 18
0 5000 10000 15000 20000 25000 30000 35000 40000 45000
Time (s)

Fig.10. Rate of mass gain as a function of timelaurdt amplitude variations during
Zircaloy-4 oxidation tests under oxygea ) [5 hours] - (¢ ) [10 hours]

3.2.2. Acoustic emission results

No AE signals (Figure 10) were observed during diaeell times. AE bursts recorded
during short and extended tests under oxygen app&ay during the cooling step. The burst
parameters of these tests are similar (Table &).AH bursts recorded during the cooling step
are characterized by a high absolute energy (20fusd on average). Their count number is

in the order of magnitude of hundreds of countshpest, and their amplitude varied between
20 dBxg and 60 dRe.

Table 6
Parameters of acoustic bursts recorded during oxid#on tests under oxygen
Burst parameters Amplitude Absolute Duration Count Average
Test 80% He + 20% Q (dBae / Energy (us/burst) | numbers/burst frequency
burst) (aJ/ burst) (kHz/burst)
Cooling: 5 hours 18 - 62 0.01 - 10 000 2 -190d 2-2200 1-200
Cooling: 10 hours 18 -52 0.01-2000 2-15000 2-1650 1-200

3.2.3. Sample characterization after cooling

The SEM cross section of a sample oxidized undggex for 5 hours at 900°C (Figure 1)
shows a very dense external zirconia layer. Cracksonly located in the-Zr(O) phase,

which is in white contrasting with the metal phak®ese to the metal/oxide interface. The core



of the sample is most probahiyZr which results from the transformation phaBeZ( = a-

Zr) occurring during the cooling step at a tempaetower than 863°C.

o-Zr(0)

3 \

50 ym |

a b
Fig. 11. SEM cross section of Zircaloy-4 oxidizedurs under oxygen at 900°C
a- (X100); b- (X240)

The SEM cross section of a sample oxidized undggex for 10 hours at 900°C (Figure
12) shows cracks located in theZr(O) phase perpendicular to the metal interf&mme of

the cracks, longer ones, also cross the densglayér.

a-Zt(0)

Fig. 12. SEM cross section of Zircaloy-4 oxidizetitours under oxygen at 900°C
(X80)
Unfortunately it was not possible to realize mnrsitu Raman microscope test under
helium-oxygen mixture due to a leak of the high penature cell.



4. Discussion

In the following the isothermal oxidation and tleobtng are discussed.

4.1 AE signals recorded during isothermal oxidation

The oxidation of Zircaloy-4 at high temperature lh&en intensively studied during the
last few decades. The oxidation mechanism undes aiill under discussion, but generally it
has been assumed that there are three differegegsstiuring the oxidation process: the pre-
transition stage, the kinetic transition and posti$ition stage. During the pre-transition stage
the kinetic rate follows a parabolic law, and thi#udion of oxygen vacancies in the dense
protective zirconia layer is the limiting step. Théhe kinetic rate reaches a minimum,
followed by an increase of mass gain rate corredipgnto the kinetic transition. This
breakaway has been associated with the first criacktee dense oxide layer. In our study, the
kinetic transition was observed 2400 seconds #fiiintroduction of the gas mixture under
air at 900°C. During the post-transition stage gomaass gain increase was observed.
Lasserre and al. [1] have conducted kinetic oxwtatstudies on Zircaloy-4 at high
temperature in air. They have demonstrated theteffiethe nitrogen partial pressure on the
oxidation rate. They have proposed a mechanismenti&nogen acts as a catalyzer during the
oxidation process under air. ZrN precipitates wierened at the metal oxide interface, and
then these precipitates were oxidized with oxygemiog from the outside. Nitrogen atoms
were released which were able to react with Zr hegtséhe internal interface, again creating
ZrN [1]. During the post-transition stage, it haseh concluded that the presence of nitrogen
in the atmosphere has an accelerated effect orkitietic rate. Our results confirm the
detrimental role of nitrogen which causes a rapid a catastrophic oxidation of the Zircaloy-
4 at high temperature.

In case of pure oxygen at 900°C the oxidation ataloy-4 is less critical than the
oxidation under air; the oxidation has not reacthedbreakaway stage. The weight gain of the
sample remains moderate after 5 hours at high texhye. The dense zirconia layer remains
protective even after 10 hours. The breakaway magar after a longer dwell time.

As shown by the monitoring results, AE signals wexeorded during the oxidation test
dwell time under air. The first acoustic signalgeveecorded just after the kinetic transition.

Three different types of crack (Figure 7) are pnése the zirconia layer and each of them
will form via a different mechanism. The formatioh type 2 lateral crack may be due to

interface undulations [4]. Zirconia scale growtlgins with the inward formation of a dense



ZrO, layer at the metal-oxide interface. The PillingdB®@rth ratio for the zirconia growth
(ratio of the molar volume V(Zré)fV(Zr)) is equal to 1.56, which means that the
transformation from metal Zr to oxide Zr@hduces a volume dilation. Stresses can thus be
created in zirconia scale and in metal. The resishtarnal stresses increase in proportion to
the zirconia scale thickness and once stresse®e@xbe fracture limit of zirconia, they can
lead to cracks [5]. The mechanism for perpendicatack formation (type 1 and 3) will be
different. During oxidation after the breakawaye therpendicular cracks in the oxide layer
may be due to tensile stresses which appear atténgperature due to the elongation of the
Zr metal submitted to creep.

The cracks can be associated with the AE signalsrded after the kinetic transition
(Figure 13). The relationship between cracks ands#ggals is confirmed bin-situ optical
microscopy observations of oxidized samples ungteiThe cracks observed at the surface of
the sample are in the scale of open cracks perpdadito the metal oxide interface (type 3 in
Figure 7). Some of the AE bursts can be attribtitethese post-transition stage cracks. The
number of type 2 convoluted lateral cracks pardatielhe metal/oxide interface exceeds the
amount of AE bursts which were recorded during dk&lation test. Thus even if the AE
threshold is low (18 dE), the energy of type 2 cracks seems to be too wealenerate

recordable AE bursts.
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Fig. 13. Rate of mass gain as a function of timgt @mulated absolute energy variations during Xoscd
oxidation tests under 75% He + 21%©4% N,

4.2 AE signals recorded during cooling



AE signals recorded during cooling under air andannoxygen correspond to energetic

processes. The parameters of the acoustic eveatsuanmarized in Table 8. Figure 14

presents the evolution of the AE cumulative couRts.both tests, a phenomenon in common

appeared at the beginning of the cooling, with Wdhactivity occurring as the temperature

decreased from 750°C to 700°C. Then under air,t@&sactivity remained stable during the

rest of the cooling step while for oxygen testspthar major variation of AE activity

appeared for temperatures lower than 400°C. The lémel of acoustic signals observed

during the cooling of the samples oxidized in aaynbe due to stress relaxation by cracks in

the oxide layer during the oxidation dwell time.

Table 8

Parameters of acoustic bursts recorded during coalg for oxidation tests under air and oxygen

Burst parameters Amplitude Absolute Energy Duration Counts
Cooling (dBag / burst) (aJ/ burst) (us/burst) number/burst
Air tests 18 -64 0.01 -1 000 2-12500 2-1500
Oxygen tests 18 -62 0.01 - 10 000 2 -15000 2200
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Fig. 14. Cumulated count variations as a functibtinoe during the cooling of the Zircaloy-4 for olétion tests

under air (---) and under oxygen)(5 hours

To study the cooling AE signals in detail, a contins wavelet analysis was applied to

their waveforms. The wavelet transform is a matherakatool mainly developed since the

middle of the 1980s [28]. It is efficient for locahalysis of non-stationary fast transient wide-

band signals. The wavelet transform is a mapping ¢ime signal to the time-scale joint




representation and is similar to the short-timerkeosuransform. The temporal aspect of the
signals is preserved. The wavelet transform pravichelti-resolution analysis with dilated
windows. The high frequency analysis is carried wsihg narrow windows while the low
frequency analysis uses wide windows. The bas#éseolvavelet transform, the wavelets, are
generated from a basic wavelet function by dilaticand translations. They satisfy an
admissible condition so that the original signah ¢ reconstructed by the inverse wavelet
transform. The wavelets also satisfy the regular@gdition in that the wavelet coefficients
decrease quickly with decreases of the scale. TdheMt transform is not only local in time
but also in frequency. This analysis is directlplagable to the signal files with the Noesis

software.

AE bursts recorded during the cooling under airspes a wavelet different from that of
AE signals recorded during the cooling under oxyge00°C (Figure 15). The AE burst
waveform for the air test is mainly one-off, withhe spot line located between 280 kHz to
420 kHz (Figure 15.a). The AE burst waveform fog thxygen test is more continuous with
two important spot lines, the first centered betw&20 kHz and 180 kHz and the second
located between 300 kHz and 450 kHz.
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Fig. 15. Typical AE burst waveform continuous watslrecorded during cooling of oxidation tests
under air (a) at 700°C and under oxygen (b) af@00

To further understand the cooling behavior of aedi Zircaloy-4 samples from 900°C
down to ambient temperature, short oxidation tegtse made with differential scanning
calorimetry (TGA/DSC 1 — Mettler Toledo). Heat flovariation measurements were carried
out during the oxidation tests under air and uraemen (Figure 16). The dwell time was
reduced to 10 minutes in order to limit the zir@scale thickness on the sample surface. The
thermal conductivity of Zr@is lower than that of Zircaloy-4, so it can impé#oe heat flow
measurement coming from the whole sample. The oheftion of the coupons at high
temperature could also affect the measurement e Were not in direct contact with
thermocouples in the DSC balance.

The curves indicate an exothermic peak around 826f®oth tests. Based on the Zr-O
binary diagram, the transformation from p@r&r to a-Zr occurs at 863°C. The exothermic
peak is under this reference value, it may be dubé presence of an oxide scale between the
sample’s metal core and the thermocouples.
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Fig. 16. Heat Flow variation as a function of temgtere during cooling (T< 900°C) under aif)( and
under oxygen (- - -)

5. Conclusion

Thermogravimetric experiments coupled with acoustigission analysis are of interest in
improving understanding of metallic material coromsat high temperature. AE analysis is
complementary fopost-mortemoxidized sample characterizations. The AE techmibas
enabled detailed study of Zircaloy-4 oxidation babaat high temperatures. Under air tests
at 900°C, the kinetic transition is detected byhange in the mass gain rate during the
isothermal dwell time. Our results confirm the de#&ntal role of nitrogen on Zircaloy-4
oxidation behavior at high temperatures.The breakeastage is also immediately detected via
the AE activity. AE analysis can be used to distisg the cracks which occur during
Zircaloy-4 oxidation from those which form duringrsple cooling. During oxidation, the
cracks which appear after the breakaway are lodatéde ZrQ perpendicular to the metal
oxide interface. The recorded AE signals corresgorttiese cracks. In case of pure oxygen at
900°C the oxidation of Zircaloy-4 is less criticie oxidation has not reached the breakaway
stage after 10 hours. Cracks are only due to tbéngpof oxidized samples. They are located
in the oxygen enriched zirconium metal phase artdmitve dense zirconia layer after 5 hours
of oxidation. From these studies, it can be coreduthat irreversible mechanisms, such as
crack initiation and propagation in Zircaloy-4, geste AE signals which can be recorded
simultaneously with the mass gain during the oxwtaaind the cooling of the sample using

the innovative device TGA-AE.
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