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Abstract 

Acoustic emission monitoring of pressure vessels operating at high temperature requires a good understanding of 

damage mechanisms and defect evolution at one hand and effect of temperature on wave propagation in the other 

hand. This paper deals with effect of temperature on acoustic wave propagation in AISI 304L and P265GH steel. 

Acoustic signature of the different mechanisms involved during high temperature crack propagation in compact 

tension specimens (up to 450°C for 304L and 250°C for P265GH) was also studied. The aim of this work is to 

correlate acoustic emission response with defect identified on structure. High temperature wave propagation tests 

were performed to measure acoustic wave velocity and attenuation. This allowed us to validate analytically cal-

culated velocity (mode S0 velocity on high temperature dispersion curves). Calculation of velocity will be very 

useful for defect location on structure when it is experimentally inaccessible. The attenuation measurement on 

AISI 304L and P265GH steel are compared to show the difference of behaviour of these two materials.  Acoustic 

emission monitoring of compact tension test were carried out in a wide temperature range from ambient to 

450°C at loading rate of 0.05kN/s for each material. Experimental results reveal the occurrence of dynamic strain 

aging (DSA) in the tensile properties of the two materials tested. The effect of DSA on material properties and 

its acoustic response during tensile tests were investigated and compared with respect to the damage evolution 

with strain and temperature. 
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1. Introduction 

 
The new European regulation on pressure equipment (2002), allows replacing hydraulic test-

ing by acoustic emission monitoring during pressure test. This technique has the largest cov-

erage, since 100% of the structure can be monitored. Besides, various studies have been con-

ducted to characterize the acoustic signature of crack propagation at room temperature [1- 2]. 

But the use of acoustic emission method is not always possible because some pressure vessels 

are heated to temperatures that many acoustic emission sensors cannot stand. Such vessels can 

be found in industries in the field of petrochemicals, chemicals, aerospace... Acoustic emis-

sion monitoring of such systems is a real challenge, regarding the complexity of interpreting 

the signals emitted by damage mechanisms on the structure and cost of implementation. The 

measurement of wave attenuation and velocity on high temperature wall structure is difficult 

and sometimes unavailable. Furthermore, the high temperature sensors developed recently are 

not mature yet and their use leads to high maintenance costs. Using waveguides may be an 

alternative to the use of high temperature sensors. They provide sensor protection from ag-

gressive environments (low and high temperatures, chemical solutions, gases, radiation, mag-

netism).  

In this context, this paper deals with the understanding of damage mechanisms evolution of 

high temperature pressure vessel materials (304L and P265GH) under tensile test with its 

acoustic emission response, and the effect of temperature on wave attenuation and velocity. 
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2. Calculation of wave velocity at high temperature 

 
Monitoring pressure vessel by acoustic emission is based on elastic wave detection (Lamb 

waves in thin wall) by piezoelectric sensors. These sensors are arranged in triangular meshes 

covering the whole of structure. Calculation of source position (location), requires velocity 

wave knowledge to introduce it into location algorithm. In the case of high temperature 

pressure vessel the measurement of attenuation and wave velocity directly on structure is 

difficult and requires complex instrumentation. 

To provide answer to this problem, we propose first to calculate analytically dispersive 

curves; i.e., velocity evolution versus temperature and frequency. Then, the effect of 

temperature on wave attenuation and velocity will be determined experimentally.  

To model Lamb waves propagation, Lamb's equations were derived by setting up formalism 

for a semi-infinite solid plate (with free boundaries) having infinite extent in the x and y 

directions, and thickness d (= 5 mm) in the z direction. Materials of this study are: P265GH 

C-Mn steel and 304L austenitic stainless steel. This type of wave phenomenon was first 

described by Lamb in 1917. There are two groups of waves, symmetric and anti-symmetric 

that satisfy the wave equation and boundary conditions for this problem and each can 

propagate independently of the other. A graphical representation of these two groups of waves 

can be seen in Figure 1.  

 

 
 

Figure 1: a) Symmetric Lamb mode. b) antisymmetric. 

The fundamental way to describe high temperature Lamb wave propagation in a particular 

material is with their dispersion curves, which plot the phase or group velocities versus fre-

quency. These velocities can be obtained by solving numerically (Matlab program) Christof-

fel equation, which is found by substituting Hooke equation into Navier equation. For a given 

material, the Young’s modulus versus temperature is known, and the phase velocity is the 

variable being solved versus frequency-thickness. The evolution of phase velocities dispersion 

curve versus temperature for P265GH and 304L calculated in the present research can be seen 

in Figure 2. 

The dispersion curves show that the phase velocity of the first two modes (A0 and S0) de-

creases significantly with increasing temperature. In the case of P265GH and for a frequency 

of 200 kHz, the phase velocity of the mode S0 decreases from 5312.1 m/s at room temperature 

to 5000 m/s at 350°C, which corresponds to 6.24% drop. For 304L, phase velocity of S0 mode 

decreases from 5126.58 m/s at room temperature to 4528.3 m/s at 430°C, which corresponds 

to 13.21% drop. 

These theoretical results will be compared to experimental result obtained in the following 

paragraph. 
           

a) b) 
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Figure 2: Dispersion curves of P265GH and 304L at high temperature. 

3. Measurement of wave velocities and attenuation at high temperature 

3.1. Experimental device 

In this section, we propose to carry out elastic wave propagation test on plates (304L and 

P265GH) and thus measure evolution of wave velocity and attenuation versus temperature. In 

order to perform these tests, a furnace was designed and build as part of this work. The fur-

nace was made to contain a plate of dimensions (1500mm*700mm*5mm). The choice of a 

large plate is designed to overcome the edge effect (reflection) and also to measure attenua-

tion over long distances. The thickness of 5mm allows us to create Lamb waves. 

  a)   b) 

Figure 3: a) Furnace design for wave propagation tests. b) Final furnace. 
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Three waveguides, of 8-mm diameter, are welded on the lower surface of the plate, on which 

are coupled thee resonant sensors (200 kHz). The plate was then stored on blocks (to allow 

the circulation of the heat flux below the plate) inside the furnace so that the three waveguides 

are outside furnace through the three holes provided for this purpose. The three sensors are 

therefore outside the furnace at room temperature. The test principle of attenuation is to 

simulate acoustic emission source by connecting a resonant sensor, cemented to waveguide 

end (C3: 200kHz), to a frequency generator ACAL3 and detecting signal by a resonant sensor 

(C1: 200kHz) cemented on the other waveguide end.  This method ensures a good 

reproducibility of acoustic emission sources and allows studying the effect of signal 

frequency. The influence of temperature on amplitude recorded by sensor C1, for different 

frequencies, is shown in Figure 6. For each temperature and frequency, ten tests were 

performed to ensure results reproducibility. 

 

 

                                a) 

 

                            b) Three holes 

Figure 4: a) Positions of waveguides. b) Furnace. 

The results show that temperature has no influence on attenuation for 304L stainless steel and 

that for the three frequencies tested and up to 600°C. For P265GH steel, attenuation occurs 

above 450°C. At 600°C, 8 dB was found for the three frequency tested. 

  

Figure 5: Attenuation curves of 304L (left) and P265GH (right). Amplitude versus temperature. 

3.2 Velocities measurement versus temperature 

The wave velocity versus temperature for different frequencies is shown in Figure 6. For each 

temperature and frequency, ten tests were performed to ensure results reproducibility. There is 

a good reproducibility of results with a low dispersion (standard deviation = 6.19 m/s at 20 °C 

in the case of P265GH). 
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Figure 6: Wave velocity versus temperature in the case of 304L (left) and P265GH (right). 

There is a linear decrease of velocity versus temperature for both materials studied. In the 

case of 304L, the velocity drops of 10.63% at 450°C compared to velocity at room 

temperature. For P265GH the velocity drops is about 7.61% at the same temperature 

(frequency 200 kHz). The velocity drop is more pronounced for stainless steel, which is 

correlated with the fall of the Young's modulus. Indeed, the Young's modulus drops 28.47% 

at 450°C for 304L against 25.62% for P265GH. 

In the case of P265GH, for the frequency of 200 kHz, the phase velocity of S0 mode calculat-

ed from the dispersion curves is 5312.1 m/s at room temperature. The experimentally meas-

ured average speed corresponding to the same frequency is 5275.33 m/s, a difference of 

0.69%. At 350°C the calculated theoretical speed is 5000 m/s. The measured one experimen-

tally is 5004.82 m/s, a difference of 0.09%. In the case of 304L, and frequency of 200 kHz, 

the phase velocity of S0 mode calculated is 5126.58 m/s at room temperature. That measured 

experimentally is 5171.01 m/s, a difference of 0.86%. At 450°C the theoretical velocity is 

4528.3 m/s vs. the measured of 4673.88 m/s, a difference of 3.21%. The comparison between 

theoretical and experimental values of propagation velocities versus temperature for both ma-

terials studied is in good agreement. 

 

4. Compact tension test at room temperature 
 

As an example of acoustic emission monitoring of defect evolution in a structure, it is pro-

posed in this paper to study the acoustic signature of crack propagation in AISI 304L stainless 

steel at room and high temperature (450°C). The test involves monitoring acoustic emission 

crack propagation in a tensile test on a CT specimen (20) pre-cracked in fatigue. The test is 

run in load control with a speed of 0.05 kN/s. two resonant sensors with identical characteris-

tics are used (200 kHz). The first sensor is coupled by glue on the end of the waveguide; the 

second is coupled directly on the bottom of the specimen. The use of these two sensors allows 

us to verify the influence of waveguide on acoustic emission parameters. Results show the 

presence of strong acoustic activity in plastic stage. However, during the crack propagation 

stage (at the load drop), a low acoustic emission activity was detected (Figure 7). The appear-

ance of acoustic activity starts at the elastic limit.  

As can be seen in Figure 7, the beginning of plasticity at a crack tip is detected by both acous-

tic emission sensors. This experimental result is very important since it shows that the wave-

guide does not disturb the detection of plasticity at the crack tip. This phenomenon appears 

with a high acoustic activity during yield strength (≈ 90 dB). 
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According to the literature [3-4], during plastic deformation by homogeneous slip, the only 

source of acoustic emission is the movement of dislocations, provided they move in sufficient 

numbers for a sufficient distance. The major acoustic activity recorded at yield strength is due 

to the fact that acoustic activity rate is proportional to the variation rate of the density of mo-

bile dislocations. This mechanism is characterized by higher acoustic parameters such as du-

ration and counts. Plasticity is characterized by a maximal counts of 809, maximal duration of 

6187.2 µs in the case of the sensor coupled directly on specimen. In the case of the sensor 

coupled to the waveguide, a maximal counts is 589 and maximal duration is 6073.6 µs (Figure 

8). We can therefore conclude that the waveguide slightly modifies the acoustic parameters of 

signals.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7: acoustic activity recorded during the tensile test. AISI 304L (Chan2: Sensor on waveguide 

WG, Chan8: sensor coupled directly to CT. 

The more the plastic deformation progresses the greater the density of obstacles and immobile 

dislocations increase, leading to the decrease of collective motions of dislocations and makes 

their acoustic activity low. 

The tensile curve of the P265GH C-Mn steel at room temperature has a low transition zone 

between the elastic and plastic strain fields (Figure 9). This area is known as Piobert Lüders 

effect. The acoustic emission recorded during the tensile test has the following properties: 

• An intense acoustic emission energy appears before a loss of linearity (12 kN) with an 

amplitude signals of about 73 dB. 

• The acoustic activity of the plastic stage is relatively low and has a low energy. The 

predominant signal amplitude is less than 60 dB in this area. 

• The necking period is silent, just six hits are recorded. 

• The final rupture, corresponding to a continuous ductile tearing, is characterized by 

very low emission 
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Figure 8: Acoustic activity recorded during the tensile test in terms of duration and counts: early detec-

tion of plasticity (chan2: Sensor on WG Chan8: sensor coupled directly to CT. AISI 304L. 

 

Figure 9: Acoustic activity recorded during the tensile test at room temperature. P265GH. 
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Representation of the cumulative duration during tensile test (Figure 10) reveals the presence 

of three domains that correspond to different stages of damage at room temperature. The first 

slope change occurs at 540s, which corresponds to a load of 12.71 kN.  This value corre-

sponds to the peak of acoustic emission before reaching the elastic limit. The crack tip strain 

calculation (in the loading direction) by image correlation shows the presence of an elastic 

strain at crack tip.  The thermographic image taken at that load level shows no plasticity oc-

curs at the crack tip. Stage I and II may therefore correspond to the inclusions fracture. The 

second slope change occurs at 706s, which corresponds to a load of 21 kN. This value corre-

sponds to the onset of crack tip plasticity (result found by thermographic image in Figure 10-

c). The third slope change occurs at 960s, which corresponds to a load of 33.7 kN. This value 

corresponds to an advanced damage stage (Figure 10-d). This stage corresponds to unstable 

crack propagation. 
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Figure10:a) Cumulative duration for tensile test at room temperature (P265GH). b) Strain 11ε . c) 

Crack tip plasticity evolution (thermography). d) Crack tip at 960s (33.7kN). 

 

5. Compact tension test at high temperature 

 

The test principle is the same as at room temperature except that in this case only one sensor 

was used (coupled by glue on the waveguide end). Test was performed on a 304L CT sample 

at 450°C. The waveguide will ensure the transmission of acoustic signals from the hot surface 

of the specimen CT to the piezoelectric sensor. The bent waveguide is shown in Figure 11-a. 

Compact tension test was conducted until the waveguide touches the furnace. 

 

 

 

 

 

 

 Figure 11: Tensile test at high temperature. 

The temperature measured at the end of the waveguide is 23°C (near the sensor) while that of 

the specimen reached 450°C. Some checks are required before beginning the test: first the 

good coupling of the sensor was verified by performing Hsu-Nielsen test on the specimen, 

and the absence of interfering signals before and after heating was also verified. 

The result shows an increase in acoustic activity compared to same AE testing at 20°C. In the 

plastic deformation stage, a serrated yielding was observed in the load displacement curve. 

This phenomenon is commonly called dynamic strain aging (DSA) or Portevin-Le Chatelier 

effect (PLC). It is the phenomenon of interactions between diffusing solute atoms and mobile 

dislocations during plastic deformation and depends on the deformation rate and temperature, 

which govern the velocities of mobile dislocations and diffusing solute atoms, respectively. 

a) b) c) 

F=12kN F=21kN F=23kN F=26.8kN 

Beginning of plasticity 

at crack tip 
Plasticity in crack tip  

F=33.7kN 
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The disturbances are due to the fact that the diffusing solute atoms velocity is the same order 

as that of mobile dislocations. In our case, deformation rate at the crack tip is between 10
-5

 s
-1

 

and 10
-6

 s
-1

 referring to the chart of Almeida. [5]. The onset of serrated yielding is more fre-

quently by increasing the temperature, which is due to the increased diffusion of solutes to-

ward dislocations.  

Note that the acoustic response due to the DSA phenomenon is characterized by the presence 

of two types of signals. The first type is characterized by the detection of a population of sig-

nals recorded during increasing load. These signals are characterized by relatively high ampli-

tude (can reach 91 dB). The physical mechanism operating during this stage is dislocations 

slip until their pinning by solute atoms (plasticity). This explains the increase of load. The 

second type of signal is recorded during the sharp decrease of load, which corresponds to 

crack propagation by ductile tearing. Figure 12.b shows the acoustic activity recorded in the 

DSA field. 

A significant difference was found between the waveforms representative of plasticity and 

those of crack propagation. The waveforms corresponding to plasticity are characterized by a 

continuing character. The predominant frequency of these signals (obtained with the fast Fou-

rier transform "FFT") is 200 kHz. The waveforms corresponding to the crack propagation are 

characterized by discontinuous signals with a frequency of 100 kHz. 

 

 

 

 

 

 

 

Figure 12: a) Acoustic activity recorded during the tensile test at 450°C. b) Signals Populations due to 

« PLC ». AISI 304 L 

Ploting counts during the tensile test (Figure 13) highlights the presence of three areas that 

correspond to different stages of damage at 450°C. The first change in slope occurs at 480s, 

which corresponds to a load of 8.5 kN. This value corresponds to the beginning of crack tip 

plasticity. The second change in slope occurs at 600s, or at the load of 14.5 kN. This value 

corresponds to the beginning of the manifestation of the DSA phenomenon. The third change 

in slope occurs at 790s, at 23.5 kN. This value corresponds to an advanced stage of damage 

spread by a sudden crack jump. This type of analysis is very important because it can detect 

any change in the acoustic response by the changing of slope, and thus identify the stage and 

degree of damage in a structure. 

b) 

AE from plastic deformation 

Crack propagation 

a) 
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Figure 13: Cumulative Counts versus time at 450°C. AISI 304L. 

 

The load-displacement curve for C-Mn steel tested in compact tension geometry at 150°C 

presents a particular behavior in the plastic range. Indeed, irregularities manifested by jumps 

of displacements are observed in the plastic range (from 1.85 mm of displacement). A step 

curve is observed, the peak loads are constant (on the order of 1 kN) followed by jumps of 

displacements the value of which increases with the increased load. Note that the jumps of 

displacements corresponding to the crack propagation. This phenomenon of "pop-in" is some-

times observed in ductile fracture. In the literature, Delafosse [6, 7] showed a spread in fits 

and starts of the crack in the field of velocity and temperature effect of "PLC" in a 2091 Al-Li 

alloy. Srinivas [8] identified the same type of crack propagation in the case of Armco iron. In 

these studies, crack pop-in has been associated with dynamic aging and the presence of de-

formation bands. The C-Mn steel studied is known to be sensitive to the DSA effect at high 

temperatures. Belotteau [9] studied the same type of steel and has shown its sensitivity to 

DSA at 150°C and 350°C. 

The acoustic activity recorded during the test is represented in terms of amplitude in Figure 

14. It is characterized by a strong emission at the transition zone to plasticity and also at dif-

ferent peak loads. Note that the acoustic response in the plastic range is characterized by the 

presence of two types of signals. The first type is characterized by a population of signals 

recorded during the ramp-up. These signals are in the form of cluster characterized by the 

same acoustic parameters (amplitude relatively low, less than 50 dB). The dominant frequen-

cy for this type of signals, calculated by FFT, is 100 kHz. The physical mechanisms operating 

during the ramp-up are the dislocation glide and their pinning by solute atoms. Once the dis-

locations are pinned by solutes, increase the load to cross slip, which explains the increase in 

load after the stage of crack propagation. The second type of signals recorded during dis-

placement jump (which corresponds to crack propagation), is very low. 
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a) 

 

b) 

 

c) 

Figure 14: a) Acoustic activity in terms of amplitude during the test at 150°C. b) Zoom of the plastic 

stage. c) Zoom of the elastic stage. P265GH. 

 

6. Conclusions 
 

The measure of acoustic wave velocities and their attenuation at high temperature validates 

analytically calculated velocities. These velocities will be very useful for defect locating in 

pressure equipment in cases where experimentally velocities are inaccessible. The attenuation 

measurement has shown that it is not affected by temperature (up to 450°C for P265GH). This 

result is very important for sensors spacing on high temperature pressure vessels. 

Acoustic emission monitoring of compact tension tests was carried out in a wide temperature 

range from ambient to 450°C for stainless steel AISI 304L and from ambient to 200°C for 

P265GH steel. Experimental results reveal the occurrence of dynamic strain aging (DSA) in 

the tensile properties of the two materials tested. It was identified at 150°, 350°C and 450°C 

for 304L and at 150°C and 200°C for P265GH. The effect of DSA on material properties and 

its acoustic response during compact tension tests were investigated and compared with re-

spect to the damage evolution with strain and temperature. 

 



 13

References 
 

[1] Ennaceur C, Laksimi A, Hervé C, Cherfaoui M. Monitoring crack growth in pressure ves-

sel steels by the acoustic emission technique and the method of the potential difference. Pres-

sure Vessels and Piping 2006:197-204. 

[2] Pensec R. Contrôle non destructif par émission acoustique des aciers pour équipements 

sous pression, Thèse, UTC, Novembre 2000. 

[3] Jacques P., Furnémont Q., Mertens A., Delannay F., “On the sources of work hardening in 

multiphase steels assisted by transformation-induced plasticity”, Philosophical Magazine A, 

2001, vol.81,n°7, pp 1789-1812. 

[4] Van Bohemen S.M.C, “An acoustic emission study of martensitic and bainitic transfor-

mations in carbon steel”. Thèse de doctorat. Netherlands: Delft University of Technology, 

2004. (ISBN 90-407-2477-6). 

 [5] L. H. de Almeida, I. Le May, P. R. O. Emygdio, Mechanistic Modeling of dynamic strain 

aging in austenitic stainless steels. Materials characterization 41 (1998) 137-150. 

[6] D. Delafosse, G. Lapasset & L. P, Kubin, 'Dynamic strain ageing on crack propagation in 

the 2091 Al-Li alloy'. Scripta Metallurgica et Materialia, vol.29, pp.1379-1384. (1993). 

[7]  D. Delafosse,  Couplage thermomécanique et vieillissement dynamique en rupture duc-

tile. Thèse de Doctorat, Ecole Centrale Paris. (1995). 

[8] M. Srinivas, S.V. Kamat, P. R. Rao, Influence of dynamic strain ageing on mixed mode 

I/III fracture toughness of Armco iron. Materials Science and Engineering A 443 (2007) 132–

141. 

[9] J. Belotteau, Comportement et rupture d’un acier au carbone-manganèse en présence de 

vieillissement sous déformation, thèse ECP, 2009. 

 


