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Abstract 
 

We utilized optical fibers as heat-resistant AE sensor elements, and monitored acoustic emission 
(AE) from molten salt (85 mol% V2O5 + Na2SO4) attack of 304 stainless steel tubing at elevated tem-
peratures.  AE signals were monitored by a homodyne Mach-Zender-type laser interferometer devel-
oped in our laboratory.  Using optical fibers coated by UV-cured polymer or by copper, we monitored 
cylindrical-wave AE signals below 450ºC and 750ºC, respectively.  Multiple winding of the sensing 
fiber on the tubing significantly improved the sensor sensitivity and allowed the detection of L- and 
F-mode cylindrical waves.  Source location in the longitudinal direction of the tubing was obtained ac-
curately utilizing the wavelet-based arrival-time difference of L(0,2)- and F(1,1)-mode waves at selected 
frequencies.  
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Introduction 
 

AE monitoring of hot structural members has been an important technical goal, but has been difficult 
to achieve success.  AE monitoring by conventional AE systems inevitably needs a special waveguide 
and/or cooling system for protecting the sensing element.  However, waveguides severely distort AE 
signals [1]. Heat resistant AE sensors utilizing LiNbO3 element were developed but their use has been 
limited due to high cost and bulk.  Our own heat resistant sensor with LiNbO3 element had the tem-
perature capability up to 600ºC, but was prone to noise and only for a relatively short time. The degrada-
tion of brazed joints in the sensor was the main problem and inflexible heat-resistant cable of ceramic 
insulator was difficult to handle [2].   

 
Both the heat resistance and thermal stability of heat resistant AE sensors are important for long-term 

AE monitoring of creep damage and environmental degradation.  Development of new heat resistant 
AE sensors that are flexible, non-water cooled and inexpensive has been desirable in laboratory tests as 
well as for field inspection.  Non-contact sensors like laser interferometers cannot satisfy the sensitivity 
requirement and also is expensive.  Such systems need a vibration-free optical table and cannot be used 
in dusty and noisy environment.  

 
We have developed an optical fiber AE monitoring system [3], utilizing an optical fiber coated with 

polymer as a sensing fiber.  Though the core of the fiber is made of silica, most commercial fibers have 
poor heat resistance due to polymer coating.  Fiber development in the telecommunication industry is, 
however, remarkable, and has now resulted in various types of optical fibers.  One is the fiber coated 
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with metal and another is an extremely small diameter fiber with small critical curvature.  These new 
fibers can open a new way for developing the needed heat resistant sensor.  In this study, we first util-
ized a polymer-coated optical fiber as a sensing fiber and monitored AE signals from the fracture of oxi-
dation film produced by molten salt attack during cooling.  Next, we studied the applicability of a cop-
per-coated optical fiber as the heat resistant fiber.  This fiber makes the AE monitoring at elevated tem-
peratures possible.  This paper shows that the optical fiber sensor is particularly useful for monitoring 
cylindrical-wave AE signals of hot tubes since the sensor sensitivity is significantly improved by multiple 
winding on the tube surface.  
 
Sensitivity and Heat Resistance of Optical Fiber  
   
 AE system utilized in this research is identical to that utilized in another research of our group [3].  
It is a homodyne Mach-Zender-type laser interferometer.  Optical fiber used as the sensing and refer-
ence arms is the telecommunication-grade single-mode fiber for 1300 nm wavelength.  Table 1 shows 
details of the polymer- and copper-coated fibers.  Both the core and clad diameter are the same for the 
two fibers.  Cost of the copper-coated fiber is about 100 times that of the polymer-coated fiber.  The 
sensing fiber monitors the in-plane motion of AE signals in the fiber direction when it is glued on the 
medium.  Thus, we can improve the sensors sensitivity to cylindrical waves by winding the sensing fi-
ber on the tube surface multiple turns.  The wound fiber monitors the change of circumferential length 
and is particularly sensitive to the longitudinal mode.  In this study, we used a tubular specimen, which 
is commonly used in boilers, furnaces and reactors.  

Table 1 Details of polymer- and copper-coated fibers. 

 

Figure 1 shows experimental setup for studying the sensitivity and heat resistance of sensing fiber.  
For the sensitivity measurement, we excited the cylindrical waves by a pulse laser (Nd:YAG; 20 mJ) and 
detected the propagated waves by the wound-fiber sensor and a laser interferometer, as shown in Fig. 
1(a).  For the heat resistance study, the fiber windings were heated by a tubular furnace and monitored 
the cylindrical waves excited by a compression-type PZT transmitter (PAC, R6) mounted on one end of 
the pipe, as shown in Fig. 1(b).  

 
(a) Study for the sensitivity of sensing fiber. 
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(b) Study for the heat resistance of sensing fiber. 

Fig. 1 Experimental setup for studying the sensitivity and heat resistance of sensing fiber. 
 
 Figure 2 compares the waveforms of the cylindrical waves, excited by a pulse laser and detected by 
polymer-coated sensing fiber, as a function of the number of winding.  First arriving weak signal is the 
L(0,2) mode. Amplitude of this mode remarkably increases with the number of the sensing fiber winding.  
Amplitude of the trailing F(1,1) mode also increases with the turn number.  This effect is beneficial for 
AE monitoring of cylindrical-wave AE signals.   

 

 
Fig. 2 Waveforms of cylinder waves excited by pulse laser and detected by polymer-coated sensing fiber. 
 
 Heat resistance of two types of optical fiber was studied next.  Figure 3 shows the waveforms of 
cylindrical waves as a function of temperature.  Here, temperature refers to the tube temperature where 
the sensing fiber was wound.  The waves were monitored at 4 ks after the tube temperature reached the 
pre-determined value.  The polymer-coated fiber broke at 521≈C and the copper-coated fiber at 753ºC.  
Figure 4 shows SEM of fractured fibers.  Fracture of the polymer-coated fiber appears to be caused by 
the fused polymer, but that of copper-coated fiber was caused by the oxidation of the copper coating.  
 
 As shown in Fig. 5, the amplitude of the first L-mode peak and the maximum peak of F-mode wave 
slightly decreased with temperature for the copper-coated fiber until 700ºC, but the S/N ratios of the 
wave by two sensors were similar over the service temperatures. The S/N ratio for the polymer-coated 
fiber remained at ~28 dB and was slightly better than copper-coated fiber at 22-26 dB (also see Fig. 3). 
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Fig. 3 Waveforms detected by optical fiber sensors as a function of temperature. 

 
Fig. 4 SEM of the fractured part of (a) polymer-coated and (b) Cu-coated fiber. 

 
Source Location of Cylindrical Wave Utilizing Single Waveform 

 
 It is often difficult to mount AE sensors on hot surfaces.  We attempted to estimate the location of 
cylindrical-wave sources from a single waveform detected by the sensing fiber. We previously tried to 
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use this method for the cylindrical waves detected by a PZT sensor mounted on the surface of a pipe [4].  
We could not estimate the source location correctly since the PZT sensor could not detect the L-mode 
waves with sufficient amplitude.  In contrast, the wound optical fiber sensor can detect both the L- and 
F-mode waves, allowing source location as shown below.  

 
Fig. 5 S/N ratio of cylindrical wave AE signals detected by polymer- or copper-coated fibers as a func-
tion of temperature. 

 
Estimation method is shown below for the case of Hsu-Nielsen sources on the tube [4].  Figure 6 

shows the cylindrical waves excited by the Hsu-Nielsen source at 200 mm from the 30-turn optical fiber 
sensor on a 34-mm diameter steel tube (thickness of 2.8 mm).  Time transient of wavelet coefficient at 
80 kHz is shown at right.  We observe two peaks at 1.6~0.2 ms, i.e., L(0,2) at tL and F(1,1) at tF.  Wave 
velocities of L(0,2) and F(1,1) modes of this pipe at 80 kHz are calculated as VL = 4950 m/s and VF = 
1952 m/s, respectively.  Therefore, the distance Z of the source from the sensor is given by equation (1); 
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Fig. 6 Waveform excited by Hsu-Nielsen source and wavelet coefficient at 80 kHz. 

 
Figure 7 shows the accuracy of estimated source distance.  Here, the vertical axis designates the dis-

tance of the source from the sensor.  Source locations of 10 trials at each distance are shown by ●.  
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Sources were located to better than 9.9 mm for 300-mm distance.  This accuracy is adequate to estimate 
the damage location in the axial direction of the tube. 

 
Fig. 7 Source location results estimated and average distance error. 

 
AE Monitoring of Molten Salt Attack by Optical Fiber Sensors 
 

Accelerated oxidation of heat resistant alloys by molten salt is well known as the most dangerous 
damage, and often called catastrophic oxidation.  We measured AE signals from the fracture of 
non-protective oxide films produced by molten salt (85 mol% V2O5+Na2SO4) by using optical fiber sen-
sors.  Figure 8 shows experimental setup for molten salt test and AE monitoring method of a hot tube.  
The sensing fiber was wound on a 304-stainless steel tube of 35-mm diameter and 1000-mm length.  
The polymer-coated fiber was wound on the tube at 50 mm from the edge of the furnace to avoid the 
heat damage of the fiber, while the copper-coated fiber on the tube was in the hot zone of the furnace. 
Fiber was wound with heat-resistant couplant and over-wrapped by soft glass fiber mat to minimize 
thermal noise.  We also monitored AE using a conventional monitoring system.  Two PZT sensors 
(Pico, PAC) were mounted on the tube ends, where temperatures were lower than 40ºC.  We placed 0.1 
g of a salt mixture in a small crater on the upper portion of the tube at the center of the furnace and then 
heated the tube.  

 

 
 

Fig. 8 Experimental setup for molten salt attack AE. (a) polymer-coated, (b) Cu-coated. 
 

 Figure 9 shows changes of cumulative AE counts and temperature history of furnace and tube with 
optical fiber (fiber temperature).  For the right figure, fiber temperature is the same that of the furnace 

temperature.  We did not detect AE during heating and holding, but detected frequent AE signals during 
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Fig. 9  Changes of cumulative AE counts detected by (a) polymer- and (b) copper-coated fiber sensors 
with temperature during molten salt attack. 

 
cooling. Cumulative AE counts by the sensor with copper-coated fiber is approximately half that by 
polymer-coated fiber sensor. This is from the reduced sensitivity of the copper-fiber sensor exposed to 
high temperatures and partly due to less severe oxidation as shown later. The results, however, strongly 
demonstrate the heat resistance of the copper-coated fiber for monitoring the AE signals. The fiber was 
heated for 13 ks at above 700ºC and was still functional for AE detection. 
 
 Shown in Fig. 10 are the examples of AE signals detected by polymer- and copper-coated fiber sen-
sors. Without using a preamplifier, we detected a number of strong cylindrical waves. Both L-mode and 
F-mode waves were present in the detected waves.  We then estimated the location of AE sources.  
Location results are shown in Fig. 11.  Here the symbol ● designates the source locations estimated by 
using the outputs of two PZT sensors and symbol ○ those by the mode-difference method proposed here.  
Here, the origin of Z-axis is set at the right end of the fiber windings.  AE sources were located in wide 
range from z = 165 mm to 215 mm for AE signals detected by the polymer-coated fiber, and from z = 
135 mm to 165 mm for AE signals detected by the copper-coated fiber. This is because the molten salt 
spread over the wide pipe surface and produced catastrophic oxidation as shown in Fig. 12.  
Non-protective oxide scale was observed in the region of 165 < z < 215 mm for the test by 
polymer-coated fiber and the region of 135 < z < 165 mm for the test by copper-coated fiber. These 
regions agree well with the source zones of Fig. 11.  It should be noted that the distance error of ○ and ● 
is less than 20 mm, and the oxidation damage by the test with copper-coated fiber is lower compared to 
those by the test with polymer-coated fiber.  
 
Conclusions 

 
 We used optical fibers as heat resistant AE sensor and monitored AE signals from molten salt attack 
of 304-stainless steel tube at elevated temperatures.  Results are summarized below. 
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Fig. 10 AE waveforms detected by (a) polymer-coated fiber and by (b) copper-coated fiber.  

 
Fig. 11 Estimated source locations detected by polymer-coated fiber (a) and copper-coated fiber (b). 

 
1) Sensitivity of the optical fiber sensor to cylindrical wave AE increases with the number of the wound 

fiber on the tube.  Heat resistance of the polymer-coated fiber was below 500ºC while that of the 
copper-coated fiber was about 700ºC. 
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Fig. 12 Surface of oxidized specimens submitted for AE monitoring by (a) polymer-coated fiber and (b) 
copper-coated fiber.  Craters in the mid portion of photos are reservoir for the mixed salt.  Upper pho-
tos show the zone of spread molten salt, and lower photos the fractures of the scale in and along the pe-
riphery of the craters. 

 
2) We proposed a new source location method of cylindrical wave AE with a single sensor.  Accurate 

location is possible for the cylindrical waves with strong L- and F- modes.  Developed fiber sensors 
detected the both wave modes and made the source location possible.  

3) Developed system detected cylindrical wave AE signals from fracture of non-protective oxide film 
produced by molten salt attack.  Frequent AE signals were emitted during cooling.  Sources of AE 
signals ware located over the wide pipe surface attacked by spread molten salt.  
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