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Abstract

High temperature corrosion of metallic alloys in usttial equipments, such as refinery
and petrochemical equipments concerns several phlararoxidation, carburization...

These phenomena can create stresses in the nwmtéhial relaxation of which mostly
produces transient elastic waves.

Several methods enable the recording and analyainthese transient elastic waves.
Piezoelectric sensors fixed directly on the sammde record elastic waves with a low
decrease in energy and frequency at ambient temoperaln case of high temperature
environments, a waveguide can also be used toniiamgaves from sample to sensors. For
this purpose, alumina or platinum are mainly usednvaveguide materials because these
materials conserve the waveform.

The goal of this study is to assign the elasticesaw the corrosion phenomena. This data
base will then be useful for the monitoring of isthial equipment using acoustic emission
methods. For this purpose, thermogravimetric amayisxGA) has been coupled with acoustic
emission (AE) devices. Simultaneous measuremerttseaiass variation and of the acoustic
signals emitted during the corrosion of sampleshef Zirconium based alloy Zircaloy 4 at
high temperatures in the range of 400 °C to 90@&€ provide complementary information
to increase the level of understanding of high tewmatpee corrosion mechanisms. Our work
focuses on a specific waveguide (WG) conception @andhe transmission of elastic waves
(acoustic signals) through the waveguide at higmptrature. Results on experiments
concerning the corrosion of zirconium alloy platesler oxygen atmosphere are presented.

Keywords: Thermogravimetric analysis, Acoustic emissiongiHitemperature corrosion,
Waveguide, Elastic waves.

|. Introduction

Iron, nickel, cobalt alloys are broadly used asct@aor container materials in several
industrial domains (refinery, petrochemical ...). G® able to control the level of damage of
these equipments in service represents a majolealgal [1]. Corrosion of iron based alloys
becomes significant at high temperatures in thgedetween 400 °C and 900 °C. In order to
guantify the level of damage of these alloys, atoummission seems to be an interesting
method owing to its sensitivity and its non-dediie aspect. AE does neither require
ultrasonic signal exciters, nor a heavy infrastitet The implementation cost of AE systems
remains moderate. Acoustic emission measurementsecapplicable to equipment in service
under various environmental conditions.

This technique has been used to investigate thevimehef different materials at high
temperature. Ferrer and al. [2] studied the effd#cdimethyl disulfide (DMDS) on the
inhibition of the attacks by metal dusting on Idogl 800 tubes by means of acoustic
emission. Acoustic emission experiments were alsdopeed by Schulte and al. [3] to
evaluate the sulfidation of ferritic and austenisieels. Bennett and al. [4] mounted an
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acoustic emission device into a thermobalance. Warkre also carried out by Schmutzler
and al. [5] to study the oxidation mechanisms offéAl by coupling TGA and AE. More
recently, Tran and al. [6] also studied the oxmatiof titanium, zirconium, nickel and
chromium pure metals in a tubular furnace instrugmtith an acoustic emission device.

High temperature corrosive phenomena create sgeéssthe materials; the relaxation of

these stresses produces transient elastic wave$ wan be recorded and analyzed using the
AE system. The study of these transient waves erathle anticipation of the degree of
damage of these alloys [1]. Several methods ard tsseecord and analyze these transient
elastic waves. At ambient temperature, piezoelestnsors in contact with the sample can
record an important number of elastic waves witbvaattenuation of the signal energyq.
At high temperature, waveguides are used to trantmi waves from the sample to the
sensors; the waveguide design depends on sevetaldalike wave propagation velocity,
wave damping, waveform conservation, experimerttabaphere and temperature. Alumina
and platinum are mainly used as waveguide matef@ls these materials reduce the
amplitude and the energy of the signals but thexseore the waveforma()].

The aim of our study is to associate the elasticewawith the corrosion phenomena in
order to be able to monitor the industrial equipmesihg acoustic emission method. For this
purpose thermogravimetric analysis has been coupi¢id acoustic emission devices to
measure acoustic signals emitted during the camosf samples at high temperature [11].
Simultaneous measurements of the mass variationo&rtie acoustic signals can give
additional information to increase the level of arslanding of high temperature corrosion
mechanisms. This work focuses on the good trangmissf the acoustic signals via the
waveguide at ambient temperature and at high teatyrer The selection of the waveguide
was applied according to several criteria; one ha&nt is the resistance under corrosive
atmosphere. For this purpose, a long waveguide masufactured in alumina, a material
which presents a chemical inertness towards theplsanand the different atmospheres. In
order to validate the transmission of the wavemftbe sample to the sensors via the alumina
waveguide, two tests were performed. The first, tbased on the normalized Hsu-Nielsen
method, was carried out at ambient temperature. Sdwnd test was executed at high
temperature using the oxidation of zirconium albdgtes under oxygen atmosphere at 900 °C
to create reproducible elastic waves.

Il. Thermogravimetric analysis coupled with acoustc emission
II.1 Thermogravimetric analyzer

Thermogravimetric analysis coupled with the acausinission principle was developed in
1977 by R.F. Hochman [12], and then used again.By Grabke [13] and more recently by F.
Ropital [14,15]. The experiment consists in positg a sample on a waveguide inside the
TGA furnace and record simultaneously the massatran and the AE signals using
piezoelectric sensors placed in the cold part efiGA.

In our study, experiments were carried out on arsgiric thermobalance (SETARAM
TGA 24) at 900 °C at atmospheric pressure (1 atitl) & gas flow rate of 3 L/h. The TGA
equipment is constituted of two symmetric parts; isngsed for the sample, whereas the other
one is used as a reference. Both parts includenada consisting of a graphite resistor which
enables to be heated up to 1600 °C. The resissurisunded by a dense alumina tube and
protected from oxidation by a steady flow of arg@hermocouples (PtRh 6 % / PtRh 30 %)
record the temperature in each furnace. Gases eandlyzed at the TGA outlet using for
example the mass spectrometry analyzer, the hynsditsor or the oxygen sensor.



Piezoelectric sensors should be placed as clogmssble to the source of the acoustic
emission but in the cold part of the TGA on the tdpghe waveguide. The received signal is
pre-amplified and subsequently processed usingafqaisition system of the AE (Fig. 1).

Preamplifier

Metal support of the Piezoelectric
waveguide sensor

Fig.1. AE acquisition system inside the symmetigriobalance (TGA 24)

[1.2 Acoustic emission

When materials undergo local plastic deformatiaacking or volume transformation,
abrupt variations of the field stress take plackisTvariations lead to elastic energy
relaxation. The abrupt release of energy stored delimited source region generates high
frequency (10 — 1000 kHz) elastic waves called sttouemission (AE) [16,17]. Crack
formation, grain rearrangement, friction betweendsslrfaces and other grain-scale motions
are typical processes which can produce AE. Highperature corrosive phenomena as the
growth of oxide layers or the chemical reductiorpadftective oxides (ADs3;, CrO3) can also
produce elastic waves which propagate through thke of the material as well as on the
surface of the material. Piezoelectric sensorsigeel to convert these mechanical waves into
electric signals.

Discontinuous acoustic emission control (AE eveat heen used during our experimental
tests. This method is applicable when high enelastie waves are detected (1@ to 10° J).
The waveform of the acoustic signals is similathtat one of damped waves. It is necessary
to choose adequate AE event parameters (Tabledrdar to analyze the acoustic emission
signals. An AE event starts when the signal amgditexceeds the prescribed threshold (this
threshold may be fixed or self-adjusting to thesmdievel). Further analysis can give more
information about the recorded AE signals.

The parameters monitored (counts, amplitude, alescdmergy, average frequency...)
depend on the objective of each study. For examhglee may be a close relation between the
event amplitude and the level of damage of the nah{d.8,19].

The main parameters used in this study are:

* Event amplitude: the maximum amplitude reach duandg\E event (dRg);

* Event duration: the time difference between thst fand the last threshold crossing
(Hs);

* Counts: the number of threshold crossing durinégBrevent;



* Rise time: the time difference from the first threkl crossing to the event amplitude

(Hs);
* Absolute energy: integration of the square of tigma deviation from its average:

Eabs(T) = _]rr |42 dtn

Absolute energy unit is attojoule (1 aJ =40);
* Average frequency: a calculated feature obtaineh ffCount) divided by (Duration),
which determines an average frequency over onevkhatdkHz).

In order to record the acoustic signals emittednduthe TGA experiments, a specific
acoustic device has been developed (transducer,gwales acquisition chain). AE sensors
were placed inside the cold part of the balanceravtiee temperature does not exceed 150 °C.
The sensors are linked to an acquisition chainrobet by the AEwin" software provided
by the Physical Acoustics Corporation Company. Dagre analyzed using Noebfs
software provided by the same company. The chaistits of the acquisition chain are given
in Table 1.

Table.1. Main characteristics of the AE acquisitotin

Instrumentation Sensors Threshold (dRg) | System filter Model of the Sampling rate
(KHz) amplifier
Characteristics PICO 30 25-30 10 - 1200 2/4/6 gain : 0.25 ps (4MHz)
40 dBye

lll. Waveguide tests

Our work focuses on a specific wave guide (WG) eption and on its implementation in
a TGA device. The waveguide was chosen accordingpecfollowing criteria: i) chemical
resistance against corrosive environments (oxygercasbon-reductive atmospheres); ii)
chemical inertness with regard to the alloy sampi@sgood transmission of the acoustic
signals via the waveguide (low attenuation of thgna energy). Following these
requirements, a long waveguide was designed inialuffrig. 2). Its conception was limited
by the internal diameter of the furnace (2 cm) dydthe maximal weight that can be
supported by the balance (10 g). Samples were glanea specific support to optimize the
contact between the sample and the surface of éveguide.

~

-

Fig.2. Alumina waveguide

At ambient temperature, the normalized Hsu-Nielsst (AFNOR NF EN 1330-9) was
carried out to verify the AE system. This test dates an acoustic emission event by
breaking a 0.5 mm pencil lead tip against the sangpirface. This generates an intense
acoustic signal, quite similar to a natural AE seuthat the sensors detect as a strong burst.



Generally, the lead breaks should generate ampéitodeat least 80 di for a reference
voltage of 1 mV and a total system gain of 8Q¢B

The signals amplitude resulting from our test ameuat90 dRe. These results confirm
the good transmission of the acoustic signalsheantaveguide at ambient temperature.

In order to verify the transmission of elastic wavgcoustic signals) through the
waveguide at high temperature, we developed a ewmfer test using the corrosion of
zirconium alloy plates (Zy4) under oxygen atmosphgB0 % He +20 % £) at high
temperature (900 °C). Oxidation mechanism of thmyan such conditions is well described
[6,20,21]. The oxidation of Zy4 is characterizeddyinward oxide layer (Zr) growth on
the sample surface. The growth of Zrl@yer is associated with a volume increase. The
Pilling-Bedworth ratio (Rg) makes a comparison between the oxide molar vol(fae )
and the corresponding metal molar volume(V

A Rpg value higher than unity means that the oxide lageexposed to compressive
stresses. When these stresses exceed the zircactiaré resistances ¢ or), cracks occur in
the oxide layer and emit AE signals. The record sfgnificant number of AE signals during
this control test may then validate the transmissibacoustic signals through our waveguide
at high temperature.

IV. Experimental results and discussion

The experiments were performed on rectangular lbycé specimens (4.8 mm x 4.6 mm X
0.5 mm). The chemical composition of this mateggresented in Table 2.

Table.2. Chemical analysis of zircaloy 4 samples
Zr Sn Fe Cr Hf
98.23 % 1.45% 0.21 % 0.1 % 0.01 %

Thermogravimetric analyses were performed at 90wA@er a mixed gas atmosphere
(80 % He + 20 % @) introduced by two flow meters with a total gaswlrate of 3 L/h at
atmospheric pressure (1 atm). The heating-up (b%ig/to 900 °C was made under impure
helium (traces of water and air). Once the isotlarand isobaric conditions have been
attained, the gas mixture (80 % He + 20% @as introduced for 3 hours. The cooling
(15 K/min) was done under the same process gasireixthe AE threshold has been fixed to
30 dBxe.

Blank tests without any specimen were carried puirder to check if the waveguide did
not significantly react with the gas mixture. Dithese tests, the stability of the mass signal
validates the chemical inertness of the waveguidhe. acoustic signals recorded during the
blank tests result from instrumental noise (IN).eT¢haracteristics of these AE signals are
given in Table 3.

The mass variation of a Zircaloy 4 sample duringpaidation test, mass normalized with
regard to the sample surface, as a function of éeatpre and time is presented in Figure 3.
There is a small increase in mass during the hgatm which is due to the presence of
impurities traces (traces of water and air) inriged gasA significant increase of the mass
gain is observed during the plateau under oxygenatmosphere with an acceleration of the
mass gain rate after 5000 s due to the breakawaghvidia kinetic transition. The breakaway
corresponds to the cracking of the primary dengse lhyer of ZrQ leading to a free access



for oxygen to the metal oxide interface. After theeakaway the oxidation process is
enhanced. The mass gain corresponds to the grdvitie @xide layer (Zr@ on the sample

surface.
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As predicted in paragraph lll, this phenomenon dsompanied by acoustic emission
signals. The AE activity, six times higher than bienk test activity at the end of the plateau,
increases during the growth of the oxide layer .(B)g According to the graph showing the
mass gain rate variation as function of time (Big.we note that the breakaway occurs after
5000 s. This phenomenon is accompanied by changienslope of the curve of the
cumulative counts (C.C.) during the oxidation t@$te wave transmission from the sample to
the sensors via the alumina waveguide at high testyoes has been validated by this test.
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AE analysis of the data recorded during the oxatatest of Zy4 reveals the presence of
three populations of acoustic signals. The parameté each population are presented in
Table 3. Signals assigned to the instrumental n@iSg are characterized by a very short
duration and a low counts’ number, 95 % of eventshisf population are characterized by
(1 count — 1 us). These signals are also recofg@aighout the blank test. Events recorded
during the isothermal plateau and the cooling drgeat during the blank test carried out
without any sample. These signals are really linkeethe sample oxidation process. Events
recorded during the isothermal plateau are chaiaeteby mean amplitudes in the range of
(32 — 55) dBe as can be seen in Figure 5, a high counts’ nurfibes of counts per event)
and a high absolute energy (1 — 2000 aJ). Duriegctioling, events of very high energy are
recorded. They are characterized by a counts' numbk&e order of magnitude of hundreds
of counts per event, a long duration (thousandgsoper event), a high amplitude varying
between 55 di and 75 dRe (as shown in Figure 5), and a very high absolutergy
(2Xx10° aJ).The analysis of the average frequency of tbestics events during the oxidation
treatment (Fig. 6) shows that AE signals recordauhd isothermal and cooling steps possess
a low average frequency varying between 0 kHz ab@ kMHz. The corresponding signals
assigned to the instrumental noise are charactelhyea high average frequency in the range
of 200 kHz and 1000 kHz including the resonancguescy of the sensors (300 kHz).

Table.3. The parameters of acoustic signals redaldeing the tests

Acoustic Events Amplitude | Absolute Energy Duration Counts | Average frequency
(dBag) (aJ) () (kHz)
Instrumental Noise 30-33 0-1 1-4 1-2 300 - 1000
(IN)
Isothermal plateau 32-55 1-2000 5-2500 1 - 35( 5-200
(900 °C)
Cooling 32-75 10 - X10° 10 - 7000 1 - 1000, 5-175
(T <700 °C)
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Fig.5. Mass gain and acoustic events amplitudeisgltine Zy4 oxidation test.
(®) Instrumental Noise,&) Isothermal plateaul) Cooling

The knowledge of Zircaloy 4 oxidation mechanism980 °C under @ rich atmosphere
allows us to assign these AE events to the phypiltahomena which represent the source of
emission of these AE events.



25 1050
—— Mass variation (mg/cm?
. ol i - 1000 (me/ !
* M .. 0t Isothermal state
T —— ®  Cooling sate
- 900
20 + Instrumental Noise
- 850
- 800
- 750
—_
'E 15 700 E
g Feso =2
£ F 600 E’
e S
L =
5 10 550 g
k= X R R R R R R R L 500 &
= )
s b 450 Eﬂ
-
@
2 - 400 z
= 5 350
s s 000sn] ¢+ cmmm e -}u(uu boo ssnssus| s ssssmlonm o seodimonn o
/ b 300
s mons . se |o o . o o[ eee o L 250
. o ]. - L 200
0 - F ™ . y | ]
b Apda Al A . . . e e 150
. N P a |ata L] = u
* hoaa, B[ a0 i s = L ".\.-- 100
wal Al e Al L e
. S e P IR i RS B - L I 50
-5 0
o 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time (s)

Fig.6. Mass gain and average frequency of acoasgéats during the Zy4 oxidation test.
(®) Instrumental Noise,&) Isothermal plateaul) Cooling

Cracks have appeared during the isothermal plateanly due to the compressive stresses
inside the zirconia layer. Furthermore, cracks haweeared during the cooling stage due to
the difference in thermal expansion coefficientwestn the metal and the oxide. SEM
pictures of post-mortem oxidized samples (Fig.ndlidate that cracks are located inside the
thick zirconia layer parallel to the metal oxid¢eifiace or perpendicular to this interface. The
large perpendicular cracks are typically relatedthie difference in thermal expansion
coefficient appearing during the cooling.

20%°0; -

ENSM SEI 150KV ( 100pm WD 8.7mm

Fig.7. SEM picture of oxidized Zy4 cross section

In order to attribute the acoustic events to thiedint kinds of cracks (parallel or
perpendicular cracks), a detailed AE analysis &f waveform (WF) and of the wavelet
transform (WT) was carried out on numerous evemtthe isothermal part of the treatment
and in the cooling part. Figure 8 presents an exawipthis treatment. The wavelet transform
analysis of AE signals recorded during the isottsphateau (Fig. 8a) possesses an acoustic
signature different from the AE signals recordedirdy the cooling (Fig. 8b). The first
wavelet transform is mainly punctual while the set@ne is more continuous (with some
spots).
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corresponding WT and WF.

Combining the wavelet transform analysis as well tlas quantitative AE analysis
(cumulative count number, amplitude analysis, ayerftequency analysis) with the SEM
observation of post mortem oxidized sample, we &ssign the AE events to the different
cracks. Oxidation cracks are numerous and theparalel to the metal oxide interface. The
AE signals associated with this phenomenon are muwmseand their energy is of medium

order of magnitude. Cracks due to cooling are fesguent but characterized by highly
energetic events.

V. Conclusion

Thermogravimetric experiments coupled with acoustigssion analysis are an interesting
way to improve knowledge on the corrosion of metatiaterials at high temperature. In such
experimental systems, an important aspect is @ngsmnission of acoustic emission signals
from the specimen to the sensors in the elevatetpbeéeature range. Furthermore, this
waveguide shall not disturb the mass gain measuresme

To ensure a good transmission of signals both atemhtemperature but especially at high
temperature, several tests were carried out:

1. A conventional test at room temperature (Hsu-Nrelsst)

2. A specific test at high temperature in the correatmosphere (oxidation of zircaloy 4

under a mixed gas atmosphere of (20 %pad (80 %) He at 900 °C).

The oxidation of the zirconium alloy induces thewth of a zirconia layer on the material
surface. The Zr@layer is subjected to compressive stresses wimdhce internal cracks.
These numerous cracks, parallel to the metal oxiterface, are observed on post-mortem
oxidized samples. During the isothermal treatmtd, cracks are pointed out by numerous
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specifics acoustic signals of medium energy. Fdargie transversal cracks are also observed
in the oxide layer on post-mortem samples. Theynaaly due to the cooling, and the AE
signals related to this phenomenon are charactebyea high energy and long durations.

The recording of numerous events during the oxadeatiest of Zircaloy 4, and furthermore,
the correlation of population of signals to differeracking phenomena validated the alumina
waveguide design.

Thermogravimetric experiments coupled with acoustimission analysis using this
alumina waveguide will be used to study the metadtidg corrosion of iron based alloys
under carbon rich atmosphere.
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