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Introduction 
Dealloying is defined in a general sense as a corrosion process where a material becomes 
deficient of one or more of its constituent species.  The dealloying process typically progresses by 
two primary mechanisms, which can occur in tandem. One mechanism is when one alloy 
constituent dissolves within a materials’ bulk and then re-deposits on the surface. The second is a 
diffusion mechanism by which one of the constituent species migrates out of the bulk material, 
leaving behind a porous structure. Dealuminification is the specific process of the leaching of 
aluminum in aluminum-bronze alloys.  The process of dealuminification is thought to be 
electrochemical in nature. In cases where dealuminification occurs in aluminum-bronze alloy 
components, the microstructure of the material contains both copper-rich α and aluminum rich γ-
2 phases. When these alloys are exposed to solutions containing chlorine ions or an oxidizing 
acid, such as hydrofluoric acid, the aluminum rich γ -2 phase will preferentially corrode resulting 
in large losses of aluminum. The consequence of concern of dealuminification is its adverse 
affect on the ultimate tensile strength of components. Thus, dealuminification has been an issue 
plaguing nuclear power generation facilities utilizing aluminum-bronze alloy piping and piping 
components for the transport of brackish water. 

Relatively severe forms of dealuminification can be detected visually and can be identified by 
the presence of a deep copper color. Fig. 1 contains an image of a sample where dealloying 
product has accumulated on the internal surface of an aluminum-bronze alloy component. With 
etching, dealuminification can be observed visually with greater ease, as is observed by the dark 
areas seen in the cross-section of the component.  Other techniques for the detection of 
dealuminification include utilizing electrochemical impedance spectroscopy, chemical analysis, 
or the measurement of a samples linear polarization resistance or electrical resistance. However, 
these methods are either purely surface techniques or they require very specific environments, 
such as immersion in an ionic liquid, and are therefore confined to detecting dealloying in 
laboratory settings.  

This paper discusses work on the development of an ultrasonic method for the characterization 
of dealuminification in aluminum-bronze alloy samples. Very little previous work has been 
performed on the detection of dealloying in this family of materials using ultrasonic methods; 
however, because dealuminification results in localized perturbations of the material’s elastic 
modulii and density as the exodus of aluminum from the material progresses, it is intuitive that 
one could monitor dealuminification by analyzing ultrasonic wave velocity as this material 
characteristic is strictly dependent on the bulk/shear modulii and density. 

 

 
Fig. 1 Specimen with indications of dealuminification 
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Furthermore, the industry wide acceptance of ultrasonic nondestructive evaluation methods for 
other types of material damage, such as cracking, pitting, and erosion, further motivated 
Structural Integrity’s investigation into the detection of dealuminification using ultrasonic 
methods. 

Determining Dealloying from Measurements of the Ratio of Longitudinal to Shear Wave 
Time-of-Flights 
As dealuminification advances, localized changes in the materials’ elastic modulii occur and 
inevitably lead to the lowering of the material ultimate tensile strength.  This same phenomenon 
is what is to be exploited when attempting to detect dealloying with ultrasonic time-of-flight 
measurements. The ultrasonic longitudinal and shear wave velocities, vL and vs, respectively, are 
frequently expressed as 
 

(1a) 

 

 

(1b) 

 

Where ち, ρ. E and た are the materials’ Poisson’s ratio, density Young’s modulus, and shear 
modulus, respectively. As dealloying of the material increases, changes in the modulii, as well as 
the density, are to be expected and thus cause changes material wave velocity. Therefore, by 
monitoring the wave velocity in a material it should be possible to monitor the state of dealloying 
within a material. The wave velocity can be determined experimentally by noting that  

 

(2) 

Where t is the thickness of the specimen being investigated and TOF is the time-of-flight of the 

ultrasonic wave. In a laboratory environment, careful measurements of a component’s thickness 
can be made and it therefore follows that determining a specimens wave velocity is a fairly trivial 
procedure. On the contrary, for the inspection of in-service components, access to the internal 
surface of the component is not easily accomplished and a precise ultrasonic thickness 
measurement cannot be made due to the unknown localized variations in wave velocity 
potentially caused by dealuminification. It is therefore not possible to determine absolutely the 
material wave velocity or material thickness. To circumvent this conundrum, a technique was 
developed which focused on utilizing a ratio of the measured pulse-echo time-of-flights of shear 
and longitudinal waves. Mathematically, the ratio of the longitudinal to shear wave time-of-flight 
is given by, 
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Eqn. 3 show that by utilizing the time-of-flight ratio method, a metric for characterizing the time-
of-flight of material is established and no specific knowledge of the material thickness or wave 
velocity.   

A feasibility study was performed of a sample of an aluminum-bronze alloy which had 
experienced varying amounts of dealuminification was diced into segments. An image of the 
sample before dicing is shown below. The ratio of ultrasonic shear and longitudinal wave pulse-
echo time-of-flights for each segment were recorded at each segment and compared to one 
another. The ratios of the shear and longitudinal wave time-of-flights for each segment are shown 
below in Fig. 3. After the time-of-flight measurements were made, the diced samples were etched 
with silver nitrate to determine the approximate amount of dealloying which had occurred within 
each coupon. A clear trend was observed between the etched samples and measured results that 
demonstrated that dealuminification results in a larger longitudinal-to-shear wave velocity ratios. 
Fig. 4 shows exemplary images of etched samples demonstrating, low, intermediate, and high 
levels of dealuminification (dark areas in indicate regions of dealuminification).  Given this initial 
success, work is underway to characterize the dealloyed material samples such that a quantitative 
characterization of the dealloyed state will eventually be possible. These methods are also being 
explored for the characterization of dealloying in other common power plant materials, such as 
gray cast iron. 
 

 

 

 

 

Fig. 2 Aluminum-braonze alloy specimen prior to dicing. Numbered boxes indicate coupon 
number corresponding to measured shear and longitudinal wave time of flights. 

 

Fig. 3. Measured ratio of longitudinal to shear wave time-flight for test coupons shown in Fig. 2. 
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                                    (a) 

         

                                   (b) 

        

                                   (c) 

Fig. 4 Samples with (a) low dealloying, (b) intermediate dealloying, and (c) high dealloying and 
the corresponding measured ratios of longitudinal to shear wave time-of-flights. 

 

Determining Dealloying with Time-of-Flight Diffraction (TOFD) 
 
The time-of-flight diffraction (TOFD) technique is an ultrasonic through-transmission technique 
typically employed in crack detection. With TOFD, the actuating transducer sends an elastic bulk 
wave at angle into the material being investigated. A second transducer receives the ultrasonic 
wave which is reflected from internal defects, if present, and the specimen backwall. In the case 
of crack detection, if the material wave velocity is known, crack detection and sizing can be 
accurately performed. One of the primary advantages of TOFD is that commercially available 
systems exist. These systems are image based and require only a small amount of training for a 
technician to use for field applications. Fig. 5 shows an image of the operating principle of a 
TOFD set up, as well as an image generated during an inspection. 
 As the previous section demonstrated, dealuminification within a material alters the wave 
velocity within a material by decreasing its value. Thus, with a sample which has experienced 
some degree of dealuminification, one should anticipate that a TOFD system would measure an 
increase in backwall thickness in regions where wall thickness is constant. However, once again 
with testing in-service components, the thickness of sample under investigation is not known. 
 
 
 
 
 

Sample with low dealloying where 

a TOF ratio of 0.481 was measured. 

Sample with intermediate 

dealloying where a TOF ratio 

of 0.488 was measured. 

Sample with high dealloying where a 

TOF ratio of 0.493 was measured. 
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Fig. 5. Operating principle of the TOFD technique. 

Therefore, in order to detect dealloying, an increase in the backwall must be measured in tandem 
with a reflection from the dealloyed-non-dealloying region. This premise for detection of 
dealuminification with TOFD has had initial success. Fig. 6 shows an image of aluminum-bronze 
alloy which contains a region where dealuminification was known to have occurred. Also shown 
in Fig. 6 is the corresponding image generated from a TOFD analysis on this region. In the image 
generated from the TOFD analysis, an increase in time-of-flight is recorded. Simultaneously, in 
the same region of the aluminum-bronze alloy sample where an increase in time-flight is logged, 
an echo from the dealloyed/non-dealloyed interface is recorded. Thus, here it has been 
demonstrated empirically that utilizing TOFD for detection of dealuminification is feasible. 

Wave Propagation Involved with TOFD Setup 

Received Time Domain Signal 

Corresponding Generated Image 
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Fig. 6. Aluminum-bronze alloy specimen with region of known dealuminification and 
corresponding image generated from an investigation with TOFD. 

Concluding Remarks 

Two methods for successfully employing ultrasonic non-destructive evaluation for the detection 
of dealuminification have been presented and discussed here. One technique relies upon taking 
the ratio of measured time-of-flight of longitudinal and shear waves. This work has demonstrated 
that regions with higher degrees of dealuminification follow a trend of having larger longitudinal-
to-shear wave time-of-flight ratios. It has been validated that this technique can detect regions 
where dealuminification has occurred, and it appears probable that this technique can be refined 
to give quantitative results as to the degree of dealuminification that has occurred. The second 
technique which has been employed is based upon standard TOFD techniques. This technique 
relies upon detecting both an increase in time-of-flight and detection of the reflection of wave a 
from the dealloyed/non-dealloyed region interface. 

Dealloyed region 
in pipe segment 

Wave reflected from 
dealloyed/non-
dealloyed interface 

Time shift from 
difference in wave 
velocity 
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