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ABSTRACT 

 
Nickel Aluminum Bronze (NAB) is a material with marine 

environment applications.  Under certain conditions the 

material can undergo selective phase corrosion (SPC), 

which involves the removal of particular elements resulting 

in a loss of material strength.  Additional changes in 

material properties include a change in conductivity and 

permeability in comparison with the parent material.  

Transient eddy current (TEC) was evaluated for 

determination of SPC thickness on a NAB valve section 

with access from the surface corroded side.  TEC signal 

characteristics were correlated with SPC thickness 

variations, observed along the sample’s edge and averaged 

over 5 mm, the estimated sensing diameter of the probe.  A 

primarily linear response of TEC amplitude, up to the 

maximum available SPC thickness of 4 mm, was observed 

for a 20 mm thick valve wall.  Variability in observed TEC 

signal response was attributed to SPC thickness variations 

on surface length scales less than 5 mm and the anticipated 

limits to depth-of-penetration of the sensing field.  

Elemental analysis, using scanning electron microscopy of 

corroded and non-corroded regions of NAB showed a 

reduction in elemental Fe and Ni within the corroded phase, 

suggesting a corresponding reduction in magnetic 

permeability would occur. Conductivity was also lower by 

77% relative to the base NAB material.  The combination 

of reduced conductivity and permeability was used to 

explain the observed sensitivity of TEC to SPC thickness 

variations. 

 

INTRODUCTION 

 
This paper describes the development of a 

transient eddy current (TEC) probe configuration that is 

sensitive to changes in depth of selective phase corrosion 

(SPC) on Nickel-Aluminum-Bronze (NAB) valves as 

measured from the corroded surface.  A previous 

preliminary evaluation of TEC on the same valve sample at 

selected locations with and without SPC was conducted by 

Mandache and Brothers [1].   The sample was later 

sectioned and measurements of the thickness of SPC at 

these locations were performed [2].  TEC demonstrated an 

ability to distinguish between SPC and the base NAB 

material, but did not show a clear trend in signal 

characteristics with varying thickness [1,2].      

The penetration of transient magnetic fields into 

multiple layers of conducting aluminum plates has been 

investigated for aerospace applications with consideration 

of the driving coil design [3,4].  The ability to detect a hole 

with 5 mm diameter and 0.4 mm depth at the bottom of a 

stack of 2024 T3 aluminum plates of total thickness 3.3 

mm has been demonstrated using the peak differential 

signal amplitude [3].  In addition, the application of a 

standard deviation analysis combined with higher driving 

voltages, resulted in detection of the hole at the bottom of a 

plate stack with thickness of 5.5 mm [4].   The conductivity 

of the 2024 T3 aluminum is 34% of the International 

Annealed Copper Standard (IACS), as compared with the 

6% IACS for the corroded phase of the NAB as measured 

using a conventional eddy current system [1].  The reduced 

conductivity of SPC compared with 2024 T3 aluminum 

suggests that greater depth of penetration may be achieved.  

However, the presence of elemental iron and nickel, 

resulting in a finite magnetic permeability within the base 

and corroded material may also be a factor in the 

characterization of SPC depth.   

Various TEC probes developed here were tested 

on one of the sectioned samples of the study described in 

[1] above.  This sample demonstrated varying SPC 

thickness between 0 and 4 mm as observed along the 

sample’s edge.  Measurements on this sample were used to 

identify the TEC probe configuration with signal 

characteristics that could be most directly correlated to SPC 

thickness variations to the greatest possible depth.  

 

THEORY  

 
The key factor for measurement of SPC thickness 

from the corrosion side of the sample is the penetration of 

the electromagnetic sensing field through the SPC to the 

higher permeability parent NAB material. Models that 

consider circuit time constants and characteristic time for 

diffusion of the electromagnetic field have been used to 

describe the probe response as a function of plate thickness 

in the thin plate limit [5].  In this study, transient eddy 

current response under conditions of varying SPC thickness 

for several different probe designs, characterized by 

varying inductance, resistance, length and diameter were 

investigated. 
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The combined TEC driving and pick-up coil 

circuit may be characterized by its equivalent circuit 

transient response [3].  Considering only the drive coil 

circuit in isolation (equivalent to a simple LR circuit), the 

transient current through the driving (primary) coil can be 

obtained as [6]: 
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where V0 is the voltage applied at time, t=0, R1 is the total 

resistance of the driver circuit and L1 is the driving circuit 

inductance.  For a driving coil relatively unaffected by the 

pick-up coil circuit a time constant for the driving circuit 

may be taken as [6]:  
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Equation 2 may be used to obtain an estimate of 

the effective depth of penetration of the exciting field, 

using the time constant of the circuit in the form [5]: 

  

,C


    (3) 

 

where  is the permeability of the material, and  is the 

conductivity.  This result is similar to the skin depth 

expression obtained under steady state excitation conditions 

[6,7], but with c replaced by 1/(f), where f is the steady 

state excitation frequency in Hz. Note that this result will 

be affected by probe parameters such as length and 

diameter of the driving coil relative to skin depth and 

conductor thickness, and magnitude of the applied field 

[3,4].  

 

Equation 3 only addresses the initial penetration 

of the electromagnetic field into the material.  A following 

stage is that of the decay of induced surface currents 

accompanied by the full penetration of fields into the 

material [8].  In this case an additional relaxation time must 

be considered and is given as: 

 
2 ,D       (4) 

 

where D is the characteristic diffusion time and l is a 

characteristic length for the system.   Note that l is 

dependent on the geometry of the conductor and 

measurement configuration. 

 

METALLOGRAPY INVESTIGATION 
 

Figure 1 shows the quarter NAB valve sample 

used for evaluation of inspection techniques in reference 

[1].  Dashed curves indicate where the sample was cut in 

order to destructively obtain SPC thicknesses at locations 2, 

4, 5, 6 and 7 as indicated by the white arrows. Locations 1, 

3 and 8 were exposed areas of parent NAB without SPC. 

The black arrow indicates the edge along the section where 

measurements were performed for evaluation of TEC in 

this study.  Cut sections are labeled from A to G for ease of 

reference in the text. 

   

 Characterization of a number of metallurgical 

properties of the NAB material was conducted, since these 

can have a bearing on information obtained by TEC. 

Scanning Electron Microscope (SEM) examination was 

conducted on a removed section labeled B in Figure 1, 

containing markers 6, 7 and 8.  At locations 6 and 7 the 

SPC thickness varied between 2 and 3 mm [2]. A thin layer 

of the original material was removed from the sample by 

progressively sanding it using 240, 320, 400 and 600 grit 

sandpaper, followed by a 6 m diamond polish and finally, 

alumina 0.05 micron (Gamma Micropolish II). 

   

  Figures 2 and 3 show the SEM examination of 

sample B with 20 m scale from sections representative of 

the parent NAB material and that affected by SPC in the 

proximity of the sample edge, respectively.  In Figure 2 

granular structure of non-corroded NAB is evident.  Figure 

3, taken within the SPC region, shows the formation of 

channels perpendicular to the sample surface, towards the 

top of the image.  These channels appear to arise between 

grains and presumably facilitate removal of minority 

elements as will be examined more closely using the 

elemental analysis described below. 
 

A sample with 1 mm x 1 mm cross section was 

sectioned from the bulk SPC phase from Sample B and 

fractured along one of the channel regions identified in 

Figure 3.  Figures 4(a) shows the SEM examination of this 

sample at a 200 m scale.  Figure 4(b) shows the same face 

at a 20 m scale, corresponding to the scales shown in 

Figures 2 and 3.  A corroded and far less dense matrix is 

evident, characteristic of the entire fracture face. 

   

An elemental analysis of the sample labeled B in 

Figure 1 was performed using a SEM and Energy 

Dispersive Analysis X-Ray (EDAX) system set at 50 m 

magnification.  Table 1 shows results of elemental analysis 

performed at eight different locations on each of the base 

NAB, bulk SPC phase and SPC fracture face obtained from 

Sample B.  Results show the average weight percentage 

content of each detected element along with the standard 

deviation from the average. In going from the base NAB 

material to the corroded SPC phase and finally the fracture 

face, trends in the relative decrease of minority elements 

with a corresponding increase in percentage copper are 

observed.  For example, Al shows a steady decrease from 

11% in base NAB to 9% in bulk SPC and finally to 5% on 

the depleted face.  More significantly, with regards to its 

potential effect on magnetic permeability, depletion of Fe 

and Ni is proportionally the most significant from 5 and 6% 

in the base material, to 3 and 4 % in the bulk SPC, and 1 

and 2%, on the fracture face, respectively.  Weight percent 

of Cu increases from 76% in base NAB, to 82% in bulk 

SPC and to 91% on the fracture face, reflecting that 

elemental Cu remains in the material matrix.   The 

proportion of Mn, which has the smallest initial proportion 

of the identified elements, remains effectively unchanged.  
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Figure #1: NAB quarter valve sample. Dashed lines indicate where valve was sectioned. The 

black arrow, towards location 5, is along edge where TEC measurements were performed.  

 

 
 

Figure #2:  SEM image of central region of non-corroded NAB sample B.   
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Figure #3:  SEM image in the selective phase corroded region of sample B. 

 

 
 

Figure #4(a):  SEM image of fracture face in bulk SPC.   
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Figure #4(b):  SEM image of local region of fracture face in bulk SPC at 20 m scale. 

 

 

Table #1:  Percentage (%) weight of elements in base NAB, bulk SPC, and on SPC fracture face. 

Average of 8 measurements at different locations in each phase with one standard deviation from 

the average is shown.   
 

 Weight  standard deviation (%) 

Analyzed material Al Cu Fe Ni Mn 

Base NAB 10.9±0.4 76.3±0.9 5.0±0.3 6.4±0.4 1.4±0.1 

Bulk SPC 9.4±0.9 82±1 3.4±0.7 4.2±0.5 1.3±0.1 

SPC Fracture 5±1 91±2 1.1±0.1 2.1±0.2 1.1±0.2 

 

 

 

Table #2:  Dimensions and measured conductivity of base NAB and bulk SPC samples.     
 

Sample 

Area  

(mm
2
) 

Length  

(mm)  (S/m)  (%IACS) 

Base NAB 70.09 19.63 4.6110
6
 7.9 

Bulk SPC 1.30 10.04 3.5310
6
 6.1 
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CONDUCTIVITY OF BULK NAB AND 

SPC PHASES 

 
Standard four-point direct current (DC) 

measurements were conducted on the bulk NAB and SPC 

phases of smaller longitudinal samples sectioned from 

sample B in order to measure conductivity.  Measurements 

were performed using a Keithley 6221 DC and AC current 

source and Keithley 181 Nanovoltmeter.  The DC 

measurement method was selected over the conventional 

eddy current method due to a relative permeability greater 

than one in the base NAB material. Dimensions for the two 

specimens along with the accompanying measured 

conductivities are listed in Table 2.  The value of 6.1% 

IACS for the SPC phase is consistent with conductivity 

obtained using a conventional eddy current device as 

reported previously for the SPC phase of this material [1].  

The bulk NAB conductivity result of 7.9% IACS is 

consistent with published values reported for this elemental 

range in NAB.  See for example, NAB Alloy C63020 with 

composition 10.5% Al, 5% Ni and 4.8% Fe, which has 

reported conductivity in the range of 6 to 8.2 % IACS [9].  

Note that the bulk SPC has a conductivity that is 77% of 

the conductivity of the base NAB material.  

 

SPC THICKNESS MEASUREMENT 

 
The NAB section labeled C in Figure 1 was 

selected for evaluation of TEC sensitivity to SPC thickness, 

since the right hand edge showed a significant 0 to 4 mm 

variation of SPC thickness in areas away from the threaded 

region (>5 mm).  Polishing and application of Silver 

Nitrate (10% AgNO3) solution on the edge of the sample 

was performed in order to obtain visible variation in SPC 

thickness. Figure 5 shows measured SPC thickness as a 

function of distance from the threaded end along the 

sample C’s right hand edge.  The estimated position of 

location 5 as identified in Figure 1 is indicated.  Variation 

in SPC thickness is between 4.8 mm at the 2.5 mm position 

and 0 at the 44 mm position.  Rapid changes in SPC 

thickness over short surface extent (1 mm of change in SPC 

thickness over 5 mm of sample surface) are observed at a 

number of locations. 

 

    Features relevant to TEC measurements 

include a 4 mm SPC thickness at 5 mm from the origin, a 

relatively flat region between 15 and 22.5 mm with 3.4 mm 

thickness and a variable and rapid decrease to 0 mm 

thickness at 44 mm from the threaded edge.  The rate of 

decrease here is the steepest at 0.3 mm of SPC thickness 

over 6 mm of distance along the edge.  The right hand edge 

was selected for evaluation of TEC sensitivity to SPC 

thickness.   

 

 

 

 

EXPERMIMENTAL SET-UP 

 
A commercial system was used to acquire the 

response of the transient eddy current signals.  The user 

interface was TecView, as provided by TecScan Systems 

Inc. (Montreal).  The driving coil voltage was provided by 

an HP214B Pulse Generator, which allows for driving 

voltages up to 50V.  The wave form sensed by the pickup 

coil, was obtained from across a 51 Ω termination, and 

sampled at a rate of 2 MHz over 2 ms. 

 

Probes were mounted against the SPC sample 

surface at the edge of the sample where the depth of SPC 

into the parent NAB material was visible.  Measurements 

were initiated at 5 mm from the origin (threaded end in 

Figure 1), so as not to be affected by the corner geometry, 

and obtained at a 2.5 mm interval along the sample edge at 

the locations where SPC thickness is reported in Figure 5.  

Measurements in air and on the parent NAB material at the 

previously indicated reference position [2], before and after 

each set of measurements were performed. 

   

Probe characteristics were further modified with 

the goal of maximizing depth of penetration.   The 

investigation reported here was performed with four 

different driving coils of variable length, two different 

diameters and 800 and 1000 turns.   Table 3 shows the 

dimensions and characteristics of the driving coils along 

with the two pick-up coils used for the tests.  The sensing 

diameter of the driver/pick-up configuration was estimated 

as the average of the pick-up coil outer diameter (OD) and 

the driving coil inner diameter (ID).  This resulted in an 

effective sensing diameter of 5 mm, for each of the probe 

configurations.  This dimension was consistent with the 

typical scale of the expected NAB thickness variation on 

the surface of the sample seen on the right hand edge of 

sample C (Figure 5) and therefore would be expected to 

provide a more accurate representation of thickness 

variations than a probe of larger dimensions. 

 

Figure 6 shows the transient voltage obtained 

from a measurement across a 2  resistor in the driving 

circuit for the four different probes.  A simplified best fit 

expression for the driving current can be obtained from 

equations 1 and 2, if the additional loading introduced by 

the mutual coupling with the pick-up coil circuit is 

neglected, as [3]: 

1 ,c

t

V A e


 
  

 
  (5) 

where A and C are best-fit parameters.  Equation 5 

provides a good description of the measured voltage as 

shown by the dashed and solid curves in Figure 6.   Table 3 

shows the values of C, obtained from a best fit of equation 

5 to the primary circuit data. Note that R1 in equation 2 

now includes the internal resistance of the square wave 

generator and the equivalent resistance of the pick-up coil 

as seen by the driver.  The results show a range of time 

constants reflecting the variable steepness of curves as 

shown in Figure 6. 
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Figure #5:  Selective phase corrosion thickness as a function of distance from the threaded end 

of right hand edge of section C shown in Figure 1.  Position of Location 5 is indicated by arrow. 

Points are measurements and dashed curves is spline through data meant as a guide to the eye.  

 

 

Table #3: Driving and pick-up coil characteristics. 

 

Coil 

Serial # Turns 

Length 

(mm) 

Outer 

Diameter 

(mm) 

Inner 

Diameter 

(mm) 

L 

(mH) 

R 

 (Ω) c (s) 

0800G38L20 800 19.8 7.3 6.0 1.26 38.5 14.7 

0800G38L25 800 24.6 7.0 6.5 0.99 37.6  

0800G38L25(2) 800 25.0 6.8 6.0 0.89 35.4 11.1 

0800G38L25(3) 800 24.6 6.97 6.5 0.97 37.0 11.8 

1000G38L30 1000 29.8 6.9 6.0 1.23 45.1 14.0 

NAB Pickup 400 1.0 4.0 1.0 0.72 31.3  

NAB Pickup #2 400 1.0 4.0 1.0 0.74 28.7  
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Figure #6:  Driving voltage characteristics for four different driving and pick-up coil 

configurations. Dashed curves are a best fit of equation 5 to the data. 

 

RESULTS 

 
Measurements were performed with each of 

driving coil at 2.5 mm intervals on the SPC surface on the 

sample’s right hand edge where thickness variation is 

shown in Figure 5.   Results are reported here for the 

0800G38L25 driving coil, the properties of which are given 

in Table 3.  Comparable sensitivity to SPC thickness 

variations were obtained from the 1000G38L30 coil, while 

the 0800G38L20 produced inferior results.  These results 

suggest that sufficient coil length and/or diameter needs to 

be present for significant field penetration to occur. 

  

Figure 7 shows the pick-up coil response 

obtained using this probe configuration in air, on the NAB 

reference and at the 5 mm location on the right hand edge 

of sample C.   The SPC thickness at this location, averaged 

over 5 mm is 4.0 mm. Reference subtracted signals are 

obtained by taking the difference between the signal 

obtained at the reference position, which is base NAB 

material, and the signal obtained under conditions of 

variable SPC.  This is a similar procedure to that performed 

in references [3,4]. 

 

Figure 8 shows the reference subtracted 

waveforms obtained using the 0800G38L25 driver with 

pick-up coil #2 for various thicknesses along the sample’s 

edge. The wave forms are bimodal with an initial negative 

voltage component followed by a positive voltage 

component.  The negative voltage peak demonstrates large 

changes in SPC thickness in the thin SPC limit, but 

relatively smaller and less uniform changes with increasing 

thickness.  In contrast, the positive voltage peak of the 

waveforms, which occurs at later times, shows a constant 

change up to 4.0 mm of measured SPC thickness. This is 

consistent with the bimodal display observed elsewhere [4] 

and is associated with the two stage process of initial eddy 

current penetration described by equation 3, followed by 

decay at later times as described by equation 4 [8].  

  

Figure 9 shows the peak positive voltage 

amplitude as a function of SPC thickness.  Thickness 

values were obtained by averaging the measured 

thicknesses shown in Figure 5 over 5 mm.  This was 

anticipated to partially take into account the corresponding 

effective 5 mm diameter of the probe sensing area, 

although this assumes that the SPC thickness observed at 

the sample’s edge extends relatively uniformly into the 

sample over length scales on the order of 5 mm. The 

amplitude variation exhibits a general linear trend as 
demonstrated by the linear best fit to the data.  This 

suggests that sensitivity of the current TEC system up to 

depths of 4 mm, the maximum thickness investigated here, 

is possible.  That the intercept of the best fit line is not zero 

is associated with the different wave form of the reference 

position, which was taken on base NAB material away 

from the sample’s edge.  
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DISCUSSION 
 

The sensitivity of TEC to SPC thickness variation 

on base NAB is attributed to the two stage process 

described by equations 3 and 4 and outlined in reference 

[8].   First, the response to the abruptly applied field is the 

generation of eddy currents within the material, which act 

to expel the electromagnetic field.  The generation of these 

eddy currents is described by the associated skin depth 

expression, equation 3, which incorporates both the 

permeability and conductivity of the material.  Second, the 

induced eddy currents decay with a characteristic diffusion 

time as described by equation 4.  Note that the diffusion 

time is also a function of conductivity and permeability and 

will also be affected by the material thickness as this may 

be viewed as a characteristic length l of the material.  Since 

the difference in signal response between the measurements 

on the SPC phase and the reference NAB material are 

taken, sensitivity to SPC thickness variation on the NAB is 

a function of the difference in the conductivity and 

permeability between the two materials.  A difference in 

conductivity between the bulk SPC and NAB phase was 

measured, with SPC being 77% that of the NAB phase.  

Potentially a more significant effect is the reduction in 

permeability arising from the removal of Fe and Ni in the 

bulk SPC phase.  The relative permeabilities of the phases 

were not quantified here.  Both reduced permeability and 

conductivity will affect initial penetration depth and 

diffusion time multiplicatively as their product, , as 

described by equations 3 and 4, respectively. 

 

As seen in Figure 9 some scatter along the best fit 

line of the response to SPC thickness is present, particularly 

at greater thicknesses.  Several potential sources of 

variability are present in the current set of measurements. 

The primary source is the inferred thickness of the SPC 

extending into the plane of the sample.  Since substantial 

variations are observed along the edge and differences are 

observed between edges at the same distance from the 

threads, some variation is expected even over length scales 

on the order of the probe sensing area.  TEC sensitivity to 

SPC thickness is also reduced at greater thicknesses [3,4], 

allowing other sources of variation such as lift-off, probe 

tilt and the probe’s proximity to the sample’s edge to have 

a more significant effect on signal response.  

 

SUMMARY 
 

Transient eddy current was evaluated for the 

measurement of depth of corrosion on a NAB valve 

sample. Characteristics of the reference-subtracted TEC 

signal waveforms were correlated with observed SPC 

thickness variations along a sectioned sample’s edge.  SPC 

thicknesses, averaged over 5 mm along the edge, an extent 

consistent with the probe’s effective sensing diameter, were 

compared with the positive amplitude of the TEC signal 

waveforms.   Various driving coil designs were tested and 

the most successful demonstrated sensitivities to SPC 

thickness up to the maximum available depth of 4 mm.  For 

this probe the response was observed to be primarily linear, 

suggesting that the maximum sensing depth has not yet 

been determined. 
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Figure #7:  Measured response of pick-up coil to driving coil 0800G38L25 at 20 V in air, on 

NAB and on SPC with 4.0 mm thickness on NAB. 
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Figure #8:  Measured response relative to reference obtained from driving coil 0800G38L25 at 

20 V on SPC between 0 and 4 mm thickness on NAB. 
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Figure #9:  Measured positive amplitude response of reference-subtracted signal from pick-up 

coil using driving coil 0800G38L25at 20 V between 0 and 4 mm thickness of SPC on NAB.  

Dashed curve is a linear best fit to the data.
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Scanning electron microscopy was used to 

perform elemental analysis of corroded and non-corroded 

regions of a NAB sample.  SPC in the bulk phase was 

characterized by a relative weight increase in Cu by 6% and 

a reduction of Fe and Ni to 3 and 4% from the 5% and 6%, 

respectively, in the non-corroded NAB.  In a region of 

severe corrosion, exposed by fracture of a smaller SPC 

sample, Cu was increased by a relative weight of 15% and 

Fe and Ni were reduced to 1 and 2%, respectively.  The 

reduction in Fe and Ni was expected to reduce the 

permeability in the SPC phase relative to the non-corroded 

NAB.  Four-point direct current resistance measurements 

were used to obtain conductivity values of 6.1% IACS for 

the SPC phase and 7.9% IACS for the bulk NAB.  The 

combination of reduced conductivity and permeability in 

the SPC phase relative to base NAB was used to explain 

differences in transient eddy current behavior as a function 

of thickness along the edge of a sectioned valve sample. 

Variability in observed signal response was attributed to 

SPC thickness variations on length scales less than 5 mm, 

the proximity of the sample edge, and anticipated limits to 

depth-of-penetration of the sensing field. 

 

Further characterization of NAB permeability in 

the corroded and un-corroded phase is required as this, 

combined with the material conductivity, directly affects 

transient skin depth and relaxation times.  Additional work 

is required to fully develop this technique for in-service 

inspection, including production of calibration standards, 

development of inspection procedures and performance 

demonstration on valves removed from service.    
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