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Abstract 
Non-destructive testing techniques are widely applied in industry for the evaluation of quantities 

of interest without inflicting additional damage accumulation. Crack detection and monitoring is a 
prime example of where non-destructive testing is valuable. Among the variety of non-destructive 
testing techniques, the direct current and alternating current potential difference methods, which are 
based on the principle that an electrical potential field around a conductive specimen is disturbed by 
the presence of geometric irregularities (or “features”), have received a great deal of attention in the 
literature. This is mainly due to the high levels of accuracy associated with these techniques and good 
estimations of crack initiation and propagation having been achieved.  

A critical review of the evolution and applications of potential difference methods is presented in 
this paper. Potential difference methods are capable of providing accurate and continuous 
measurements with simple installation and exclude the requirement of visual access under harsh 
service conditions. Alternating current potential difference methods require lower current input than 
direct current equivalents and hence provide higher sensitivity and offer better noise rejection but are 
vulnerable to capacitance effects and are more expensive. Calibration curves can be determined 
analytically, numerically, or by direct or analogue experimental techniques with each method offering 
strengths and limitations. Application of these should be determined in accordance with the specific 
scenario. The performance of electric probes (of voltage measurements and current injection) on top- 
and side-face of C(T) and SEN(B) specimens are reviewed in detail as case examples. Specific guidance 
in normalising measurements and eliminating errors from thermoelectric effects can be implemented 
in order to improve the accuracy of PD methods. Abundant results have been obtained by applying 
PD methods in monitoring cracks geometries under aggressive conditions such as corrosion, high 
temperature, creep and cycled loading.  

1 Introduction 

Technology in several industries, notably power generation, aerospace, and energy storage, is rapidly 
evolving due in response to various societal pressures. There continues to be a necessity for a greater 
understanding of how components behave and fail in service, in order to achieve optimal design, and 
higher mechanical demand. The determination of crack geometry is a complicated task and due to 
limitations in current capabilities, measurements and predictions are usually associated with considerable 
levels of uncertainty. As a result, if a component, is predicted to be serviceable for a life, it is not 
inconceivable that a 50% safety factor will be applied to this, in order to compensate for the uncertainty. 
The capability of accurate, in-situ, non-destructive determination of crack geometry is therefore an 
important challenge faced by engineers today and is the subject of significant ongoing research activity [1-
20]. 

There are several non-destructive testing (NDT) methods available, including optical [21], compliance 
[22, 23], ultrasonic [24, 25], acoustic emission [26-28], eddy current [27-29], alternating current field [30-
33], and potential difference (PD) methods. All have associated advantages and disadvantages. PD methods 
possess many benefits as well as much potential for future development and it is for this reason that the 
current review focusses on the current status and use of such technologies. Based on the principle that the 
electric field around a conductive specimen is disturbed by discontinuities (e.g. cracks) inside, PD methods 
measure the voltage drop across part of the conductor and figure out information of such features through 
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using calibration curves or formulas. The electric field is usually generated by the injection of 
direct/alternating current (DC/AC) hence PD methods are divided into DCPD and ACPD. The review paper 
first presents comparisons between PD methods and other NTD methods and between the above two PD 
methods with respect to their features and concepts of experimental sets-up. Afterwards, results, merit 
and demerit of three calibration methods, which are analytical solutions, numerical simulations, and direct 
and analogue experimental methods, are concluded in great details. In order to lead readers to better 
perform PD methods, some optimisation guidance including recommended positions of electric probes are 
reviewed. The final section concluded the performance of PD methods in different service conditions, e.g. 
fatigue, creep, and sustained load.   

Review papers have been produced by leaders in the field which extol the merits and the state-of-the-
art of non-destructive testing (NDT) techniques, including PD systems development and usage. An early 
comparison of DCPD and ACPD was given by Wei and Brazil [34] who described the how electrical signals 
could be used for monitoring subcritical crack growth and the calibration of the signals generated with 
crack length. Some benefits and drawbacks of the use of DC or AC were also discussed. This was followed 
by more comprehensive reviews of the use of DCPD and ACPD for monitoring the growth of defects in 
components [35, 36] and reviews specifically relating to the modelling aspects of NDT, including PD [27, 
28]. Later, a further review for the use of specifically ultrasonic and PD techniques for monitoring secondary 
and tertiary stages of creep damage was given [37]. The latest of these topic specific reviews was published 
almost a decade ago, highlighting the need for this review. Given here is a comprehensive review, including 
updates since previous reviews, of the use of PD across all loading types (creep, fatigue, for example), 
including both experimental and modelling aspects. 

Several laboratory specimen types are referred to throughout this review. These specimen types are 
summarised in Fig. 1 and will be referred to in the subsequent sections of the review. 

 
Fig. 1: Schematics of standard fracture specimens: a) C-shaped tension; b) Compact tension; c) Disc-shaped compact 

tension; d) Double edge notched; e) Middle tension; f) Single edge notched; g) Wedge opening loaded; f) Double-cantilever 
bending [21]. 

2 Non-Destructive Testing Techniques for Crack Measurement 

Within many industrial sectors (examples include energy generation, aerospace, automotive, etc.), the 
accurate prediction of lifetime of damaged components has been recognised as an important issue. 
Modelling efforts require experimental data for calibration/validation and, in this field, this typically 
requires the detection of crack initiation (in both spatial and temporal dimensions) and measurements of 
crack growth. Several non-destructive testing (NDT) methods are currently available for crack growth 
monitoring, including optical observation, compliance methods, sonic methods (involving ultrasonic and 
acoustic emission), eddy current methods, ACFM methods and PD methods. In the interest of 
completeness, a brief review of several NDT methods are presented as alternatives of PD methods. 

2.1 Optical 

Optical observation methods, in which the fracture surface is marked or the crack tip extension is 
tracked by a travelling telescope [21], provide accurate predictions of crack lengths but are restricted by 
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visual access [21, 38-44]. Continuous monitoring is unfeasible [38-41, 44] and the accuracy is highly 
dependent on operator skill [15, 21, 40] and image quality [15].  

2.2 Compliance 

Compliance methods, based on the relationship between crack length and the resulting strain, have 
been widely used for monitoring long cracks but lose sensitivity for small cracks [21-23]. When using 
compliance methods, periodic unloading at regular crack growth intervals is applied to the specimen and 
measurements are recorded discretely. For this reason, these methods are not applicable for testing under 
dynamic or rapid loading [4, 45, 46]. Moreover, the methods are limited for applications of aggressive 
environments such as creep, corrosion and high temperature (higher than 175 ℃ according to [45]) [4, 45, 
47, 48]. The infeasibility at high temperature is presumably due to the lack of available displacement gauges 
and the potential influence of stress relaxation at crack tip during unloading [4]. Simultaneous applications 
of compliance methods and PD methods to crack growth measurement under fatigue have been reported 
in several studies, with poorer reproducibility and resolution found for compliance methods [11, 23, 49].  

2.3 Ultrasonic 

In ultrasonic testing an ultrasound wave is transmitted by a transducer placed on the test-piece with 
part of this wave being reflected due to discontinuities within the material. This part of the wave is collected 
by a receiver and analysed in order to interpret the flaw [24, 25]. Difficulties in applications of ultrasonic 
methods arise in high temperature environments [21, 37] (or high temperature transducers must be used 
[50]), crack curvatures, and certain specimen geometries such as single-edge notched bend (SEN(B)) and 
double-cantilever bend specimens [21] (schematics of specimens are shown in Fig. 1).  

2.4 Acoustic Emission 

In applications of acoustic emission methods, release of elastic strain energy in the form of sound 
waves due to crack extension is measured and related to crack growth behaviour [26-28]. The methods are 
suitable for continuous monitoring such as in manufacturing and in service [27, 28] but disadvantages lie 
within the difficulties of calibration and interpretation [44], noise rejection and obtaining detectable signals 
from low strength materials [26].  

2.5 Eddy Currents 

Eddy current methods entail a current-carrying coil being placed on the surface of a conductive 
specimen, consequently inducing eddy currents in the specimen beneath the surface that will affect the 
impedance of the exciting coil. Defects in the specimen are interpreted by measuring variations in this 
impedance [27-29]. Eddy current methods have received wide acceptance and are well suitable for surface 
defect detection [29, 44, 51] but are limited to conductive materials and inapplicable to large crack lengths  
(due to the limited penetrating depth of eddy current, i.e. skin effect, that will be explained in Section 3.1) 
[27, 28]. Moreover, eddy current methods suffer incapability to ferrous metals due to their dependence 
on magnetic permeability [52].  

2.6 Alternating Current Field Measurement 

In order to overcome some of disadvantages of the ACPD method (e.g. such as stray PD signals due to 
impedance of the electrical circuit), the alternating current field measurement (ACFM) method has been 
developed. Within ACFM, an AC-field distribution (above the surface of the specimen) containing 
perturbations due to defects is measured with effectively eliminated spurious voltages by the use of a Crack 
Microgauge and the crack size is derived by comparing the results to numerical models of the 
electromagnetic field [30-32, 53]. The together use of physical measurement and filed modelling allows 
the exclusion of calibration procedure, which minimises possible errors occurring during calibration 
activities applied by other NTD methods [30-32, 35]. Inverse problems associated with crack profile 
determination have been solved with numerical iterative procedures [54]. With respect to small crack sizing 
ability, it has been reported that ACPD was preferred in monitoring long shallow surface cracks but lost 
accuracy in cases of deep surface cracks that could be accurately predicted by ACFM [30].  
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2.7 Potential Difference 

According to [29, 55, 56], Gille [57] has pointed out that the DCPD method was first applied to detect 
surface cracks by Trost in 1944 [58] but the concept was first mentioned several years earlier by B. M. 
Thornton and W. M. Thornton in 1938  [59]. Barnett and Troiano  [60] first used this technique for 
laboratory research to measure crack growth kinetics in a study of hydrogen embrittlement in notched 
tensile specimens. Electrical PD methods, which were also named as electrical resistance methods, have 
been used with success of detection crack closure in fatigue crack studies [61-70], crack initiation in crack-
opening displacement and fatigue tests [23, 45, 46, 71-77], measurement of crack growth under various of 
loading conditions (including fatigue [9, 21, 55, 78-81], creep [19, 21, 37, 42, 81-85], stress corrosion [21, 
86-88], sustained loading [89-91], fretting fatigue [12], and hydrogen embrittlement [21, 60]), 
determination of J curves [45, 46, 72-74, 87], and evaluation of material properties [92-99]. Applications of 
crack identification by PD methods have been extended to asymmetric cracks [100-102], angled cracks 
[103, 104], and multiple cracks [105-114]. In additional to the wide application of PD method on open 
cracks propagated under tension (Mode I), the method has been used to Mode III (out-of-plane shear) 
[115], Mode II (in-plane shear) [116], and mixed Mode conditions (tension and in-plane shear) [15]. 

Several advantages of PD methods enable the wide application of the technique. The relatively cheap 
instrumentation and simple operation contribute to the preference [40, 42, 44, 51, 117-121]. Moreover, 
PD methods are believed to provide reliable and accurate predictions [11, 42, 122, 123] yet continuous 
detection of cracks thereby allows stable automation [42, 44, 51, 117, 118, 120, 122-124]. As reported in 
an early work by Johnson and Willner in 1965 [86], an increment in crack length of 0.004	𝑖𝑛	/	0.10	𝑚𝑚 is 
detectable by PD methods. Then according to a work by Soboyejo et al in 1990 [123], the resolution has 
been improved that a crack increase of 10	𝜇𝑚 in a 10	𝑚𝑚 thick body was measureable. Because visual 
accessibility is not required, PD methods are capable to monitor through cracks and other applications in 
enclosed environmental, which are excluded by optical methods [11, 42, 77, 122, 125]. PD methods are 
applicable for testing various extreme environments such as corrosive, high pressure, high radiation, 
elevated and variable temperature conditions [11, 14, 40, 44, 51, 117, 119, 120, 123, 124]. In particular, 
superior behaviour has been noticed in creep damage monitoring [126] and crack closure detection [75]. 
On the other hand, some limitations in PD methods have been noted in the literature. Calibration for each 
test piece geometry and load is required as the accuracy of calibrations seriously affects the capability 
measurement [42, 127]. PD methods are limited to conductive materials [128] because a conducting path 
around cracks inside the test piece is necessary. Moreover, there is vulnerability of PD methods to spurious 
potential signals during measurement (this is discussed in greater detail later in the paper).  

PD methods fundamentally rely on the principle that an electrical potential field will be disturbed by 
any discontinuity inside a current-carrying body. The location, shape and size of the discontinuity are 
detectable by analysing this potential field and comparing it to a “clean” signal (i.e. a potential field in a 
discontinuity free body). For this purpose, a constant current is supplied to a cracked or flawed conductive 
body and the PD is measured across the growing feature. An increase in the measured PD is associated 
with the decreased cross-section area caused by crack propagation. The measured PDs are then correlated 
with crack lengths by using appropriate calibrations curves. Calibration curves and PD measurements are 
sensitive to several factors which include the crack/notch geometry [2, 3, 43, 55, 129-131], the specimen 
geometry [3, 43, 47], the arrangement of current injection [2, 3, 47, 55, 130], and the location for potential 
measurements [3, 43, 47] (the latter two factors have been covered in Section 3.4.1). Moreover, in several 
studies involving multi-frequency ACPD method [22, 124, 132, 133], calibration curves were found to be 
affected by operating frequency. However, an opposite argument has been reported that a linear slope of 
calibration established in WOL specimens was independent of operating frequency [134]. Error signals in 
calibration measurement may be introduced by plastic deformation [11, 47, 56, 60, 72, 79, 80, 134], crack 
closure [34, 48, 100, 135, 136], and temperature fluctuation (which is related to temperature dependent 
resistivity) [2, 76]. With respect to the last point, constant current supply and controlled temperature 
conditions, such as an immersion in an ice bath [21], is desirable [39]. 
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Depending on the type of operating current, PD methods can be recognized as DCPD and ACPD. PD 
methods possess some advantages over the other NTD techniques and will be discussed in detail in this 
review paper. 

3 Electrical Potential Difference Methods 

3.1 Comparison between DCPD & ACPD 

The DCPD method has been widely accepted due to its easy application and hence relative cheap cost 
[41, 131, 134, 137]. Because of the nature of DC, DCPD is independent of magnetic permeability of 
conductive specimens hence the capacitance problem (the capacitance of conductive specimen which is 
usually ignored actually exerts an effect on measurement of PD) concerned in ACPD is eliminated [13, 52, 
121, 131, 137]. The wide use of DCPD offers another advantage, in that previous results and guidance are 
available for certain specimen geometries [41]. However, in DCPD tests the whole specimen is tested in 
terms of the current path, and so the specimen geometry itself (rather than just some flaw geometry) 
influences the calibration [13]. Moreover, a relatively high current level is required in order to achieve 
measurable potential outputs [41, 76, 137, 138]. According to [134], a DC of 30-50A is necessary for a steel 
specimen in normal size. Therefore, it is less suitable for detecting small cracks (due to a small crack 
extension or electrical resistance) and less applicable in large structures (since a high current input is 
required to maintain a certain current density in a large range). Furthermore, high current input may lead 
to undesired localised heating [76, 139], which influences the material conductivity and aggravates the 
effect of thermal electromotive forces (emf) on potential measurements. Another major concern in 
applying DCPD occurs in the sensitivity to emf that is attributed to temperature differences at connections 
between the specimen and measurement leads [29, 34, 41, 137, 139, 140]. It should be noted that ACPD is 
immune to the DC emf noise [29, 34, 40, 48, 125, 127, 138-140]. Effective actions against emf effects are 
discussed later. To overcome some of the limitations of DCPD systems, the ACPD method has been 
developed as an alternate. ACPD takes advantage of skin effect, as illustrated in Fig. 2, which refers to a 
confined current region beneath the specimen surface caused by interaction of original AC and induced 
eddy current.  

 
Fig. 2: a) Skin effect in ACPD: AC is forced to flow in a thin layer beneath the specimen surface. b) In DCPD: the whole cross 

section of the specimen is involved. 

Compared with the whole body affected in DCPD, in ACPD the current field concentrates in a narrower 
layer near the material surface, thus a lower excitation current is sufficient to supply easily measurable 
potentials [10, 13, 29, 40, 41, 74, 76, 84, 96, 124, 125, 127, 131, 137, 139], thereby minimising the risk of 
localised heating [13, 96, 139]. Hence, ACPD is able to achieve higher sensitivity than DCPD, especially for 
small crack lengths near the surface of materials [13, 34, 40, 41, 132, 141] and the effect of specimen 
geometries is reduced [13]. Verpoest et al [132] have applied high frequency ACPD to detect and monitor 
surface cracks in un-notched steel rods and gave the conclusions that a 40	𝑘𝐻𝑧 current frequency would 
allow detection of cracks in an area of 0.05% of the specimen cross-section, which was unachievable by 
the other NDT techniques. Proper choice of coating materials, such as nanocomposite coatings which 
provides adjustable electric conductivity and magnetic permeability [142], could protect components from 
serve conditions yet enhance the detecting ability of ACPD. Another important advantage of ACPD is that 
the technique has higher noise rejection capabilities when lock-in amplifiers (which extracts and amplifies 
signals at certain frequency) are used [10, 29, 34, 124, 140]. ACPD also performs better than DCPD in 
corrosive environments, since by changing polarity any unwanted electrochemical processes are 
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eliminated [34, 41, 139, 140].The depth of current penetration, known as the skin depth, is governed by 
[143, 144]:  

𝛿 = 3
2

𝜔𝜇𝜎
(1) 

where 𝜇  and 𝜎  are of magnetic permeability and electrical conductivity, respectively, and 𝜔  is the AC 
frequency. Hence by applying multi-frequency AC in ACPD tests, specific inspection can be conducted in 
different depths of the specimen [10, 84, 141, 145]. Conversely, in cases of deep cracks and crack tunneling, 
particular attention should be paid to ensure the AC covers the whole inspection region [20, 40]. 
Disadvantages of ACPD include higher investment due to the amplification and filtering equipment [48, 76, 
137], and disturbance on calibration caused by capacitance effect such as change in permeability and 
conductivity [20, 31, 32, 131, 137]. In order to minimise spurious effects caused by magnetic properties, 
low frequency ACPD measurements were proposed in which some of the advantages of ACPD were 
conserved, yet the noise rejection was improved by suppressing the skin effect [84, 85, 146-148].  

3.2 Experimental System Designs 

The earliest PD techniques were associated with DC. A typical configuration of a DCPD system is shown 
in Fig. 3a. The system consists of a stabilized power supply, a voltmeter to provide high-gain DC 
amplification and off-set zero control for initial PD, and recording instruments for automatic control and 
data acquisition. Usually the stable DC was supplied by a voltage source and the stability and desired level 
of the operating current is achieved by a reference resistor in series with the specimen [21, 34, 40, 48, 140, 
149].  

 
Fig. 3: Block diagram of PD technique systems: a) DCPD and b) ACPD system.  

A schematic of an ACPD system is illustrated in Fig. 3b and a basic description is given here. A noticeable 
improvement offered by the ACPD method is the introduction of phase sensitive detection associated with 
lock-in amplifiers that offer excellent noise rejection and improved accuracy and sensitivity for ACPD 
measurements [22, 34, 76, 88, 124, 137, 140]. In the excitation circuits a reference signal provided by a 
voltage controlled oscillator is fed into a power amplifier for constant current output [34, 45, 48, 133, 134, 
140, 150]. Similar to DCPD system, a reference resistor connected in series with the test-piece maintains 
the stability of current regardless of the specimen resistance [34, 134, 140]. The output signals from 
specimen are isolated and pre-amplified at a transformer [34, 40, 140, 149, 150] and measured with a lock-
in amplifier. Only the potential signals at the reference frequency identical to the current source will be 
amplified and accepted by the lock-in amplifier [34, 137, 140] (a signal-to-noise ratio as low as 0.1 is allowed 
by lock-in amplifiers [34, 140]).  

The current supply leads are usually spot-welded or bolt-screwed on the specimen to minimise contact 
resistance and in turn to reduce heating effects [34, 39, 139, 149]. By connecting current leads through 
conductive plates heating effects due to large dissipation area are avoided, however this strategy causes 
problems of reproducibility in contact area [39]. In order to minimise thermocouple effects, it has been 
suggested that potential measuring probes are made of the same, or closely similar materials, as the 
testpiece [123, 138, 149, 151]. These probes are spot-welded to the specimen [21, 34, 39, 139, 149]. The 
electric leads should be twisted together to minimise inductive coupling [11, 139, 140, 152] and errors due 
to movement [11]. It is necessary to exclude any current leakage and ensure that the testpiece establishes 
the only electrical path for current. Hence electrical insulation should be applied to contact areas between 
specimen, lead wires and the testing machine, which can be achieved by using, for example,  TUFNOL strip 
[34]. 
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3.3 Identification of Crack Lengths – Calibration 

3.3.1 Introduction 
Practically speaking, the length of a growing crack is usually transformed from the PDs measured across 

it by a calibration curve. Johnson [129] suggested that calibration can be made independent of material 
composition, material heat treatment and thickness of test-piece but sensitive to the starter notch 
geometry. This principle enables a single calibration curve determined for a standard specimen to be 
applied to practical test-pieces that are similar in geometry but made from different materials. The 
determination of calibration curves is found to significantly influence the accuracy of the method [56]. 
Several work have determined calibration curves and obtained linear [21, 22, 34, 76, 134, 140, 153, 154] 
or non-linear [45, 46, 56, 75, 80, 129, 133, 155-158] relation between PDs and crack lengths. The linearity 
of calibration curves was regarded as an advantage of the PD technique over the other NTD methods [41, 
76]. Three methods are used to determine the calibration: namely analytical, numerical and empirical 
(direct and analogue) methods.  

Attempts at analytical solutions consist of finding the solution to Laplace’s equation within the 
boundary conditions of a given specimen geometry, where the steady electrical potential field 	
∅ around a crack in a specimen is given by [55, 56, 117, 127]:  

∇!(∅) = 0 (2) 
Several analytical solutions to the Laplace’s equation are available for simple specimen geometries by using 
conformal mapping methods [80, 129, 159], which offers a useful guide in experimental work.  Analytical 
methods are difficult to develop for geometries such as C(T) specimens due to the complicated solution 
domain [5, 42, 55, 56, 77, 153], however it is precisely these type of specimens that are commonly used 
for crack growth monitoring. When analytical calibration is not possible attention should instead be 
focused on numerical or experimental methods.  

Numerical methods enable precise control of different parameters, such as geometries of crack and 
specimen, probe position for current injection and potential measurements. Hence these methods are 
suitable for optimising probe configurations in isolation [3, 18], estimating effects on calibration caused by 
specimen and crack geometry and plastic deformation [2, 3, 5, 56] and simply determining multiple 
calibration curves for specimens with different aspect ratios [5]. Numerical techniques are reported to be 
accurate and fast tools to derive calibration curves at relatively small cost compared with labour-intensive 
and time-consuming experimental methods [18, 56]. It should be noted, however, that a great deal of work 
is necessary in order to obtain high confidence in numerical models before calibration curves can be 
generated [34].  

Through the use of experimental data, straightforward calibration curves are accessible for complex 
specimen geometries under any combined conditions such as thermo-mechanical fatigue (TMF) [5, 34, 42]. 
Empirical solutions almost always suffer poor accuracy for small crack lengths [55, 56, 160] and 
measurements are vulnerable to errors likely caused by variations in locations of current leads and 
potential probes [160]. Moreover, additional tests are required to determine calibration curves for other 
specimen geometries and probe configurations, which is costly and cumbersome [5, 160]. Alternatively, 
analogue techniques, in which the cracked specimen is modelled by conductive materials and potential 
and crack length are measured on the analogue models, has been widely applied to determine empirical 
calibrations for various specimen types. Available analogue models include graphitised paper, aluminium 
foil, wax, and rheoelectric tank. In the following sections, progress in calibration curves determined by the 
three methods are presented separately in more detail. Whilst calibration process for specific conditions 
(e.g. specimen geometries, loading types, and service environment) are not given as recommendations in 
this paper, due to the abundance of the possible permutations of situations, specific examples are 
demonstrated for the established C(T) and SEN(B) samples as shown in Fig. 4. 
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Fig. 4: Comparison of calibrations given by 2D FEA simulation [56], conformal mapping [80], analogue results [80] and 

direct experimental data [79, 161] for C(T) and SEN specimens. [56] 

3.3.2 Analytical Solutions  
One of the most widely used analytical calibration methods for centre cracked specimens is Johnson’s 

formula [129] in which the potential is measured along the centreline and across the crack, and a uniform 
current distribution is assumed, as illustrated in the subfigure of Fig. 5a.  

 
Fig. 5: a) Comparison of Calibration curves given by Johnson’s formula (for finite and infinite plates) and experimental data 
[127] for M(T) specimens. The subfigure is the s Schematic of the M(T) specimen and probe configurations used in [129]  b) 

Calibrations for slit and elliptical-shaped centre notches. [129] 

By applying the method of conjugate functions with appropriate boundary conditions of a M(T) specimen, 
Johnson put forward a calibration equation for slit-type centre-cracks for finite-width plate, which was 
given by the ratio of PD corresponding to half of the slit length 𝑎, 𝑉, and to half of an initial length 𝑎", 𝑉", 
as given by 

𝑉
𝑉"
=

𝑐𝑜𝑠ℎ#$ A
𝑐𝑜𝑠ℎ 𝜋𝑦𝑊
𝑐𝑜𝑠 𝜋𝑎𝑊

E

𝑐𝑜𝑠ℎ#$ A
𝑐𝑜𝑠ℎ 𝜋𝑦𝑊
𝑐𝑜𝑠 𝜋𝑎"𝑊

E

	 (3) 

where 𝑊 is the specimen width. Eq. 3 was then modified for an infinite-width plate by simply changing 
boundary conditions. As shown in Fig. 5a, the analogue calibration curve for a razor-shape (or slit-like) 
centre-crack [127] reasonably located between the curves for finite- and infinite-width plates. Eq. 3 was 
further developed for elliptical centre-cracks by modifying the boundary conditions and employing elliptical 
co-ordinates defined by 

𝑥 = 𝑐 cosh𝑢 cos 𝑣
𝑦 = 𝑐 sinh𝑢 sin 𝑣 P

(4) 

where 𝑐  refers to the coordinate proportionality factor, 𝑢 > 0, 0 ≤ 𝑣 ≤ 2𝜋 . The PD ratio of elliptical 
centre-cracks is  
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𝑉
𝑉"
=
𝑐
𝑐"
×

{𝑠𝑖𝑛ℎ 𝑢$(𝑎) + 𝑒𝑥𝑝[𝑢"(𝑎) − 𝑢$(𝑎)] cosh 𝑢"(𝑎)}
{𝑠𝑖𝑛ℎ 𝑢$(𝑎") + 𝑒𝑥𝑝[𝑢"(𝑎") − 𝑢$(𝑎")] cosh 𝑢"(𝑎")}

	 (5) 

where 𝑢$(𝑎)  and 𝑢"(𝑎)  are the elliptic coordinate at the measuring position and slot boundary 
respectively. The comparison for calibration curves derived by Johnson’s formula for slit and elliptical-
centre cracks and experimental work for real elliptical cracks is given in Fig. 5b. Eq. 5 showed reasonable 
agreement with experimental results up to 𝑎/𝑎" = 1.6, suggesting that elliptical centre-cracks are more 
representative of cracks observed in real experimental test-pieces.	

Johnson’s formula has been experimentally validated for slit centre-notched specimens, which by 
independent studies [162], concluded that by taking 𝑎" at a position remote from the starter slit rather 
than half-length of it, the solutions given by Johnson’s formula further agreed with experimental results up 
to 𝑎/𝑎" = 3.0. Additionally, the analytical calibrations presented by Johnson [129] have been successfully 
applied to SEN(B) and C(T) specimens which benefited from the geometrical similarity between M(T) 
specimens and SEN(B). C(T) specimens in which a SEN(B) specimen was assumed to be half of a M(T) 
specimen and a C(T) specimen was regarded as a short SEN(B) specimen [163]. Good agreement with 
experimental results were achieved for the three types of fracture specimens in a range of 𝑎/𝑊 = 1 (Fig. 
6).  

 
Fig. 6: Calibrations given by Johnson’ s formula and experimental data for a) M(T), b) SEN(B) and c) C(T) specimens. [163] 

Johnson’s formula has also been considered as applicable to SEN and DEN specimens due to the symmetry 
features proposed by Bakker [73]. In a recent paper [2], the idea of geometric equivalence between 
specimen types was extended to C-shaped tension (CS(T)), disc-shaped compact tension (DC(T)) and double 
edge notched tension (DEN(T)) specimens (as shown in Fig.1 a, c, d respectively). By the use of two-
dimensional (2D) finite element models for all the specimen types, Johnson’ formula has predicted the 
crack lengths based on numerically measured PDs and gave maximum errors < 6% , suggesting that 
Johnson’s formula could be used as a unified calibration function for all the seven fracture specimen types 
(M(T), SEN(B), SEN(T), C(T), CS(T), DEN(T) and DC(T)) (schematics of specimens are shown in Fig. 1). 
Moreover, the accuracy of Johnson’s formula has been validated by wide applications [20, 23, 42, 47, 102, 
136, 164, 165]. After first being presented in 1965, the application of Johnson’s formula was first validated 
using M(T) specimens, then extended to various types of specimens and consequently approved as a 
reliable and general analytical solution for PD methods. However, some studies have shown a 
disagreement with this solution according to some applications. In Fig. 7 poor correlation between 
calibrations derived by Johnson’s formula and experimental data for C(T) specimens was observed by 
Vassilaros and Hackett [46], which was likely explained by the change in specimen geometry and electric 
wire configuration, and variations in what is ideally uniform current field. It has been suggested that  
Johnson’ formula is incapable of predicting  open-hole single-crack specimens [5], and instead a series of 
finite element analysis (FEA) based calibration polynomials for different centre hole diameters to specimen 
width ratios should be used. Based on an acceptable error < 	±10%, Schwalbe et al [23] claimed that 
Johnson’s formula was capable of predicting average lengths of curved front cracks. Nevertheless, Kolitsch 
[8] noticed that for cases of cracks growing from a semi-elliptical front, Johnson’s formula would 
underestimate the crack depth since a straight through-thickness profile was assumed. 



10 
 

 
Fig. 7: Poor comparison of empirical [46] and theoretical (Johnson’s formula) [129] calibrations for C(T) specimens. [46] 

In addition, Johnson’s solution has been developed by within other works for better applications. For 
example, it has been modified to evaluate the potential field around asymmetric M(T) specimen [101], 2D 
cracks which is perpendicular to specimen surface and off centre [106], and multiple semi-elliptical surface 
cracks [110]. A comparison of six calibration methods including several derivational functions of Johnson’s 
formula has been reported by McKeighan and Smith [166] to determine the optimum calibration 
techniques for M(T) and SEN(B) specimens under fatigue with limited experimental data. The two-point 
modified Johnson’s equation and post-test corrected Johnson’s equation have been reported as the 
optimum calibration equations. The two-point modified Johnson’s equation accounted for possible error 
attributed to probe mislocation by introducing unknown factors 𝛼 and 𝛽 into Johnson’s formula (Eq.3) and 
gave 

𝑉
𝑉"
=

𝑐𝑜𝑠ℎ#$ A
𝑐𝑜𝑠ℎ 𝜋𝛼𝑦𝑊
𝑐𝑜𝑠 𝜋𝑎𝑊

E

𝑐𝑜𝑠ℎ#$ a
𝑐𝑜𝑠ℎ 𝜋𝛽𝑦𝑊
𝑐𝑜𝑠 𝜋𝑎"𝑊

b

	 (6) 

where 𝛼  and 𝛽  are solved by a nonlinear equation solver (FORRAN code). In the post-test corrected 
Johnson’s equation, the difference between crack lengths predicted by Eq.3 and optical results was 
assumed to vary linearly from initiation to end, thus a correction was determined from initial and final 
measurements (differences in crack lengths and PDs) and added the predicted crack lengths calculated by 
Eq.3. 

Conformal mapping techniques, in which the orthogonality in the local geometry of specimens (realised 
in physical space) are transformed into an alternative simple geometry (that is readily analysed) by 
considering a complex potential plane, enabling accurate determination of calibration curves for a range 
simple specimen geometries. More details can be found in studies conducted by Clark and Knott [80, 160]. 
They have applied the analytical method to several specimens including edge cracks and SEN specimens 
with semi-elliptical notches and V-notches. The theoretical curve for 45° V-notched specimens showed 
good agreement with available experimental data [51] and results given by graphitized paper analogue 
method, in Fig. 8. The theoretical analogue solutions for a 45° V-notched SEN specimens were compared 
with 2D FEA results [56] (Fig. 4 in Section 3.3.1). Close agreement was shown especially for short crack 
lengths with 𝑎/𝑊 < 0.5. The conformal mapping calibrations presented by Clark and Knott [80] has been 
used to provide comparison to an empirical calibration curve for 60°V-notched cracks under torsion 
loading [167] (Fig. 9) and to an analogue calibration for straight front through thickness crack by use of the 
electrolytic tank method [168] (Fig. 16 in Section 3.3.5). Moreover, the conformal mapping technique has 
been coupled with numerical methods in order to determine calibration curves for C(T) specimens [169, 
170], asymmetrical M(T) specimens [100], and inclined edge cracks at any angle to the test-piece face [154].  

Available analytical theories for determining calibrations have been continuously developed in order 
to allow application to more general situations. Whereas new calibration formulas inferred from various 
theories have not been proposed for some time, suggesting that analytical methods are not preferred 
within the research community.  
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Fig. 8: Comparison of theoretical (conformal mapping) 

[80], analogue [80] and direct empirical [51] 
calibrations for a 45° V-notched SEN specimen. [80] 

Fig. 9: Calibrations obtained by theoretical (conformal 
mapping) [80] and empirical [167] solutions for 60° V-notched 

cylindrical specimen under torsion loading. [167] 

3.3.3 Numerical Simulations 
Numerical methods have been widely applied in order to establish calibration curves relating crack 

lengths to measure PDs for complex specimen geometries [2, 3, 5, 40, 42, 55, 56, 102, 105, 108, 109, 111, 
122, 139, 169-173] and determine the optimum configuration for measurement leads and probes [18, 40, 
42, 55, 56, 115, 173].  

In the work conducted by Ritchie and Bathe in 1979 [56], calibration curves for complex geometries, 
C(T) and SEN with V-notches specimens, were determined by 2D FEA method and then compared with 
available theoretical methods [80], direct experimental [51, 79] and analogue data [80], as shown in Fig. 4. 
The numerical results for SEN specimens showed close agreement at first but deviated slightly at large 
crack lengths with 𝑎/𝑊 > 0.5, which was explained by the relatively coarse finite element mesh away 
from the notch. Compared to experimental data, the numerical curve for C(T) specimens consistently 
overestimated the crack lengths. This was possibly because the crack width that was assumed to be 
infinitesimal in the numerical model but had a finite width in practice. The 2D finite element model 
developed by Ritchie and Bathe [56] has been used by Aronson and Ritchie [55] to determine the numerical 
calibration curves and qualitatively evaluate the sensitivity and reproducibility of probe configurations in 
C(T) specimens. A comparison between 2D FEA and boundary integral equation method, which enabled a 
reduction of 2D problems into 1D, has been conducted for C(T) and DCB specimens by Klintworth and 
Webster [40]. It was concluded that both methods are suitable for optimising the measurement leads 
locations. Good agreement has been achieved between empirical calibrations and numerical calibrations 
for the C(T) and DCB specimens by the two methods, besides a slightly better accuracy was obtained by 
boundary integral equation method for C(T) specimens. In order to optimise the location of potential 
probes of circumferentially-notched cylindrical specimens subjected to torsion, FEA has been used to 
obtain numerical calibration curves which suggested the optimum position to be at the notch edge and a 
second-order polynomial function was given to express the obtained calibration curves for probe location 
at 12.7	𝑚𝑚 chosen in this study [115]. 

𝑎 = e0.25 f
𝑉
𝑉"
− 0.715g

".&

− 0.133h 𝑟 (7) 

where 𝑟 is the specimen radius. A series of numerical calibrations obtained with different potential probe 
positions are shown in Fig. 10. By using a mathematical analogies between current flow and heat/stress 
analysis problems [122], 2D C(T) test-pieces were modelled by three available finite element programs 
(MARC-HEAT, S175 and GSS programme) and 3D corner and surface notches were simulated by one of 
them (MARC-HEAT). The numerical calibration curves coincided well with aluminium foil analogue results, 
experimental readings from beach marking and an analytical solution for semi-circular crack. The effect of 
notch width and height in C(T) specimens and the current application, concentrated or distributed, have 
been analysed by 2D FEA by Wilson [130]. Moreover, the paper observed insignificant differences in 
calibration curves by using a fine mesh size (containing 3598 nodes) compared with that obtained by 
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employing a coarse mesh (961 nodes), as shown in Fig. 11. The use of singular crack tip (collapsed) elements 
rather than conventional element could improve limited accuracy in calibration curves. A comparison 
between the behaviour of 2D and 3D FEA in determining the length of a circumferential crack, based on 
measured DCPD under TMF conditions has been reported by Gandossi et al [42]. By comparing with crack 
lengths measured before the experiments, it was concluded that 3D FEA gave accurate calibration curves 
whereas the curve obtained by 2D FEA tended to overestimate the crack lengths. 

           
Fig. 4: Calibrations for circular notched cylindrical specimens 
under torsion with different potential probe position. [115] 

Fig. 5: Effect of element mesh refinement on 
numerical calibrations for C(T) specimens. [130] 

The calibration curves for semi-elliptical and “ear-shaped” cracks (Fig. 12), were numerically determined 
by 3D FEA analysis by Doremus et al [3]. The author proposed that by inserting experimental beach 
markings into the numerical calculation, the accuracy of coupled numerical and experimental calibrations 
would be efficiently improved. In a recent paper [2], the effect of crack geometries and temperature 
difference on calibration curves were evaluated by employing 3D finite element models on circumferential 
and semi-elliptical surface cracks. Additionally, a comparison between applying 2D axisymmetric models 
and 3D full model on circumferential cracks was conducted. The use of a DC numerical model with modified 
geometries to approximate full 3D AC problems has been proposed for the sake of reducing computational 
expense [16]. 

     
Fig. 6: Semi-elliptical and ear-shaped cracks. [3] 

In a study conducted by Hiroshi et al [171], the boundary element method was used to determine the 
depth of a semi-elliptical surface crack in ACPD tests and an empirical calibration function was developed 
based on the numerical results. Due to the insufficient consideration of effects on potential field caused by 
the AC, and the high-frequency thin-skin mode assumed by the numerical model, the function was 
suggested to offer a reliable calibration method, although actual coefficient values were not determined 
with a great deal of confidence. A 3D boundary element method was applied to a pair of coplanar 
coalescing surface cracks by Harrington et al [172], using two calibration equations which revealed the 
crack depth and profile. Predicted and estimated crack shapes showed reasonable agreement with beach 
marking results. 

Moreover, several literatures [1, 10, 119, 145, 174-180] have identified the shapes and locations of 
cracks without pre-established calibration curves, i.e. by using non-calibration methods, through numerical 
simulations. Numerical simulations are not limited by complex geometries of specimens and cracks or 
affected by multiple environmental conditions but realise isolation analyses of multi-parameters. By 
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considering these advantages, numerical methods are suggested as the most potential solution in deciding 
calibrations and will gain more attention in the future. 
3.3.4 Direct Experimental Methods 

Empirical calibration determination usually is associated with the use of one of two methods for 
increasing crack lengths. The first involves increasing crack length by sequentially cutting the sample and 
measuring the corresponding potential values across the machined cracks. This method has been applied 
to centre-notched [44], C(T) [21, 46, 51, 56, 115, 134] and SEN [51, 56] specimens. However, empirical 
calibrations determined from cutting cracks in this way were found to give underestimation in crack length 
[44, 71, 117]. The second method involves extending the crack by fatigue loading and the increasing crack 
length measured by optical microscopy and/or the beach marking method.  

Optical measurements can be conducted directly. In M(T) specimens, for example, the centre-crack 
propagates on the specimen surface. Alternatively, specimens may be broken after the test. This depends 
on the visual accessibility offered by a particular specimen type. Empirical calibration curves based on 
optical observation are available for DCB [40], C(T) [16], M(T) [100, 129, 162], CC [139], SEN [133], centre-
circular hole [81], and circumferential cracked [3, 167] specimens.   

When applying the beach marking technique, crack profiles were marked periodically on the fracture 
surface by changing the loading frequency [47], mean load [22, 47, 55, 122, 123, 140, 151, 153, 155, 156, 
164, 172], or by heat tinting [3, 60, 132, 157]. The specimens were then broken open after the tests and 
the crack lengths/depths measured optically. Beach marking enables curvature or irregular growth in crack 
shapes to be determined, thus necessary corrections can be applied to calibration procures. Empirical 
calibration curves have been established this way for C(T) [47, 55, 122, 140], DC(T) [156], M(T) [47, 151], 
SEN [22] and semi-circular crack [3, 123, 150, 155, 164, 172], circular external crack [164], corner crack (CC) 
[122, 157], and fin notched [122] specimens. Some of the empirical calibration curves have been shown 
Section 3.3.2-3.3.3 for comparison. 
3.3.5 Analogue Experimental Methods 
Conducting paper 

The conducting paper analogue method is applicable for any 2D problem involving field or flow that 
obeys the Laplace equation [117]. With respect to the calibration of PD techniques, the profile of a 
specimen is modelled by conducting paper, such as graphitised electrical paper and a sheet of aluminium 
foil, which benefits from a relatively high resistivity and ease of generating an artificial crack. The 
conducting paper is cut to conform precisely with the geometry of the test-piece and the accuracy can be 
improved by scaling up the analogue model (of the specimen) [102, 122]. The crack is manufactured using 
a razor-blade [40, 117, 127] or scalpel [102, 122]. Current injection is modelled by painting the paper with 
silver conducting ink [117, 160] and potential distribution is measured by electric wire and a potentiometer. 

The graphite electrical paper analogue method has been widely applied to determine calibration curves 
for various types of cracks and specimens such as V-notched SEN(B) [80, 117, 154], C(T) [40, 117], DCB [40], 
and centre-notched specimens [44, 117]. Analogue calibrations for V-notched SEN(B), C(T) and centre-
notched specimens developed by Smith [117] is shown in Fig. 13 as examples. 

 
Fig. 7: Calibrations of a) 45° V-notched SEN(B), b) C(T) and c) (slit, circular and elliptical shaped) centre-notched  specimens. 

[117] 
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The accuracy of the resulting calibration has been validated by the conformal mapping [80, 117, 154], direct 
experimental [40] and numerical [40, 56] methods. Beside the determination of calibration, the graphite 
paper analogue method has been used to reveal the PD distribution on specimens and thus determine the 
optimum configuration of current and potential probes (the effect of probe positions on PD measurement 
was indicated by variations of equi-potential lines and the consequent sensitivity was related to potential 
gradient) [79]. Moreover, the analogue method has been utilised to study the influence of the relative 
crack closure area, with respect to the crack tip, on the measured PDs in C(T) specimens [61].  

For aluminium foil the analogue method has been applied to M(T) specimen with symmetrical [127] 
and asymmetrical M(T) [102] specimens, C(T) specimens [122] and specimens with a central hole [77]. 
Anctil et al [127] claimed that the calibration for M(T) specimen retained its validity for SEN specimens due 
to the geometrical similarity and for other M(T) specimens with different widths (providing that the 
positions of lead-wires relative to centre crack were varied in direct portion to the change in width). Anctil 
et al’s paper went on to compare analogue calibration with that produced by experimental specimens. As 
the actual notch had a finite width, which was different to the razor-generated slit in the analogue 
specimen, the actual calibration curve was at a position below the analogue curve, as shown in Fig. 14. The 
analogue calibration for C(T) specimen in [122] showed good agreement with the results obtained from 
FEA and beach marking method. In the study given by Merah et al [77], the empirical calibration equation 
obtained for centre hole specimen at room temperature was then developed for high temperature 
application by introducing a correction factor.  
3D wax model 

A mixing of wax and graphite powder has been used to model the specimen by Smith and Cameron 
[118]. As illustrated in Fig. 15a, the 3D analogue calibration, which developed for through cracks cut by a 
blade, was shown to coincide to the theoretical calibration [159] for small crack depth up to 𝑎/𝑊 = 0.05 
then deviate the theoretical one but approach to an experimental solution [44]. This was considered as a 
reasonable validation of the wax model by the authors. They also proposed that by applying the wax 
analogue technique, the size and location of a quarter crack (Fig. 15b) could be identified.  

         
Fig. 8: Aluminium foil analogue and empirical calibrations for 

centre-notched specimens. [127] 

Fig. 9: a) Comparison of calibrations obtained by the 
wax analogue model [118], theoretical [159] and 

empirical [44] calibrations. b) The quarter crack. [118] 

3D rheoelectric tank 
3D rheoelectric tank technique involves the use of a conductive electrolyte, such as potassium chloride 

[123, 160, 168], mercury [67] and water [164], to simulate the conductive test-piece (an example is given 
in Fig. 16). Because the insulating insert that represents the crack can be modified to any arbitrary 
geometry, this method allows the evaluation of any chosen crack profile [164, 168]. The method has been 
used to generate calibration curves for different crack geometries including straight-fronted cracks [164, 
168], semi-circular/thumbnail cracks [123, 164, 168] and circular cracks [164]. The confidence of the 
rheoelectric tank tests has been confirmed by the reasonable comparison with theoretical results [123, 
164, 168], beach marking readings [123, 164], graphitised electrical paper analogue method [168], and FEA 
results [168]. A comparison given by You and Knott [168] is shown as an example in Fig. 16b. 
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Additionally, Ward-Close [67] applied a scaled perspex model to establish a series of calibration curves 
which indexes the extent of crack closure based on the relation between two PDs measured near and 
remote the crack in a C(T) specimen. 

 
Fig. 10: a) Schematic of 3D rheoelectric tanks. b) Comparison of the analogue calibration curve simulated by electrolytic 

tank [168] with theoretical [80], direct [79], analogue [79] and numerical solutions [56]. [168] 

3.4 Optimisation  

3.4.1 Probe Configuration 
A compromise between sensitivity and reproducibility of measurement should be taken into 

consideration when choosing the positions for current injection leads and potential measurement probes 
[79, 115, 139]. In an early study by Ritchie, Garrett and Knott [79], the graphitised electrical analogue paper 
method was used to determine the optimised positions of electrical probes. As illustrated by equi-potential 
lines in Fig. 17, the uniform current injection introduced from the end surfaces of the specimen was 
recommended for SEN(B) specimens, while for C(T) specimens the contact area of current injection on the 
top face was suggested. For C(T) specimens made of aluminium a point contact by screwing was preferred 
because reproducible area contact, brazing employed in steel, for example, was inapplicable and other 
area contact methods such as bolts and glues resulted in poor reproducibility. The most suitable positions 
for potential probes was suggested to be on the top face and close to the notch ends (see V1 in Fig. 17c). 
In the same year, McIntyre and Priest [21] proposed the same arrangement of potential probes as the 
optimum, but reported that the position of potential probes on opposite sides of the specimen could 
average the length of curved cracks (also in [45], see V2 in Fig. 17c). The authors recommended current 
leads to be attached on the notched face and close to the notch for WOL, C(T), SEN(B) specimens with only 
consideration of sensitivity but without reproducibility.  

        
Fig. 17: The optimum configuration of a) current leads in 
SEN(B) specimens, b) current leads in C(T) specimens, c) 
potential probes in SEN(B) and C(T) specimens. [79] 

Fig. 18: The alternative configuration for C(T) specimens 
with current injected from the midpoints of side surfaces. 

[55] 
Clark and Knott [80] identified the optimum position of potential probes for SEN specimens by moving the 
probes along the specimen edge until reaching the notch feature, upon which the probe travels 
perpendicular to the specimen edge (i.e. along the feature length). A relatively constant sensitivity was 
observed near the notch end, compared with high sensitivity at the notch tip, indicating a low density of 
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equipotential lines and thus a high reproducibility. The good reproducibility for potential measurement 
near the notch end was also observed in C(T) specimens by Aronson and Ritchie [55]. They continuously 
investigated the results given by Ritchie, Garrett and Knott [79] for C(T) specimens based on a FEA program 
and experimental work. With current applied from the top face, they agreed with the standard 
configuration presented in [79], that the potential probes attached close to the notch on the top face was 
optimum. They also presented an alternative configuration for C(T) specimens made of high resistivity 
materials (note that the magnitude of measurable PD |𝑉|  dropped to 40%  of that generated by the 
standard configuration) that could offer a steeper calibration curve and better reproducibility. In this case, 
current leads were placed on the midpoints of side surfaces and the potential probes were positioned as 
before, as shown in Fig. 18. The same configuration was suggested by Klintworth and Webster [40] from 
the same considerations of proportional increase in PD with crack length and less vulnerability to probes 
location. Via FEA simulations, steep calibration curves have also been obtained by moving current injection 
from the top to the side [130]. But differ to preceding studies in which current was applied by point contact 
[40, 55], in this paper, a uniform distribution offered by area contact was employed on the side surfaces. 
The alternative configuration for C(T) specimens with current supplied at the side faces was employed by 
a number of studies, such as [73, 163, 165, 170]. As for centre-notched specimens, generally, the current 
is supplied at two ends, away from the centre crack and the potential probes are placed across the crack 
[44, 47, 100, 127, 129, 151, 162, 163]. The configuration of M(T) used in [129] is given in Fig. 5a. When a 
M(T) specimen contains an asymmetrical crack, as reported by Pulle [100], increasing the proximity of 
potential probes offers better sensitivity but also results in a vulnerability to asymmetrical crack growth 
and thereby leads to underestimation in crack length prediction. In a study of monitoring Mode III fatigue 
cracks under torsion (involving application of FEA) [115], the author determined the optimum potential 
probes of circumferential notch cylinder specimens to be at the notch edge with both considerations of 
sensitivity and reproducibility.  

In addition to a single pair of potential probes used in conventional configurations, a dual pair of 
potential probes, which would provide a reference potential signals measured in a crack-free region, is 
widely used as it allows for the normalisation of the measured potential signals and compensates for 
variations in current and temperature, in addition to improving reproducibility [20, 102]. Multiple potential 
probes have been applied to identify multiple crack parameters including curved profile [120, 136, 155, 
178, 180], inclined crack angle and location [120, 180, 181], and to detect crack initiation and monitor crack 
growth in ceramic composites [14]. For the purpose of revealing surface crack profiles, Harrington and Bell 
[182] developed a mobile probe arrangement in which a moveable single pair of potential probes instead 
of multiple fixed probes was employed. The sensitivity of crack depth/length identification for small cracks 
(< 5𝑚𝑚) has been further improved by a simultaneous application of a standard and a staggered probe 
configuration. A directional square-electrode sensor has been developed for creep monitoring in which 
creep behaviour was related to the variation of the ratio of two resistances measured in orthogonal 
directions [84, 146, 147].  
3.4.2 Normalisation 

Normalising the PD (against a reference potential) and the crack length (against a specimen dimension) 
helps to compensate the variation of injecting current, test temperature, material properties (including 
time- or temperature-dependent resistivity changes) and specimen thickness. If this point is taken to its 
conclusion, calibration becomes a function only dependent on specimen geometry and the probe 
arrangement, meaning that geometrically similar test-pieces share identical calibrations. There are several 
methods to determine a reference potential value; measuring across a specified crack length such as the 
initial notch [6, 40, 42, 55, 117, 140, 153, 155, 170], measuring on the initially un-cracked test-piece [117, 
119, 164], measuring on a separate reference specimen placed in the same condition as the test-piece [11, 
45, 127, 134] and measuring in a region remote from the crack so that the current field is independent of 
the crack and remains homogenous (as mentioned for the dual pair potential probes) [3, 48, 51, 76, 77, 81, 
82, 102, 183, 184]. Normalisations using a singular reference value allows the elimination of the effects of 
inherent material properties but excludes sustaining errors due to the variations of temperature and 
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current during testing [151]. These errors can be accounted for by on-line normalisations that involves the 
measurement of a reference specimen or in an unaffected part of the test-piece. Additional error is likely 
introduced by using a second specimen (due to slight variations in geometry and properties specimen to 
specimen). Difficulties in determining the location of a second pair of potential probes arise from limited 
uniform current regions in some specimens such as C(T) [39], M(T) [151] and through crack [155] 
specimens.  

A normalisation method that accounts for thermal emf and initial crack lengths has been applied to 
generate empirical calibration curves by Saxena [47]. In this study, the potential increase caused by emf 
was added into the potential normalisation and the size of the initial crack was covered by the crack length 
normalisation. The resulting empirical calibration curves were shown to be independent of material and 
temperature (similar calibration curves were obtained for A470 steel at 538°𝐶 and 304SS at 594°𝐶) and 
provided accurate predictions of crack extension with error of less than 10% under creep. 
3.4.3 Thermoelectric Effect  

The thermal electromotive force (emf) is generated due to a temperature difference at connections 
between the test-piece and the electric probes and produces an error in the PDs superposed on measured 
signals. The effect of emf can be reduced by using electrodes made of the same, or closely similar, material 
as the test-piece [123, 138, 149, 151] because of similar thermal material parameters.  Potential signals 
can be measured by periodically switching on and off the operating current [3, 47, 48, 77, 81, 100, 102, 
126, 151, 183] or altering the current direction [126, 151, 177], then the PD between two readings are 
calculated as the real output signal caused by crack extension with a minimised emf effect.  

3.5 Application 

3.5.1 High Temperature: Fatigue and Creep Loading 
The capability of PD methods to detect crack initiation and measure crack propagation at elevated 

temperatures has been investigated in several studies [7, 47, 75-77, 185]. The greatest challenge for the 
application of PD techniques at high temperature lies in ambiguous potential signals, which mask the 
potential increase caused by crack extension, attributed to creep deformation, microstructural changes, 
and bridging between crack surfaces [38]. Errors in crack extensions during creep (under static loading at 
500°𝐶) obtained between measured values and those predicted by calibrations predefined under fatigue 
loading were supposed to be due to changes in geometries of the specimen and crack tip caused by high 
temperature behaviour deformation [47]. Moreover, crack propagation is faster under elevated 
temperature, which was observed on powder metallurgical nickel-based superalloy by Na et al [158]. 

PD methods offer reliable tools to detect crack initiation and monitor crack propagation under fatigue 
loading at elevated temperature. Usually as the cycles of fatigue load accumulate, PD remains constant at 
first, then begins to increase gradually after the onset of crack initiation or propagation from notch root 
[75, 77]. Note that whether the noticeable increase of PD should be regarded as indication of crack 
initiation or propagation remains as an open question, which depends on the resolution of the technique 
applied. Clear transition from seemingly constant to increasing DC potential signal has been observed on 
circular 304SS notched specimens in both strain and stress controlled fatigue tests at 500°𝐶 [75]. A similar 
transition in AC signals due to crack initiation and growth has been obtained on SEN specimens of Ti64 in 
isothermal fatigue test at 400°𝐶  (while in TMF of Ti6246, potential signals increased continuously at 
increasing growth rates without the initial constant region) [76]. Pure fatigue tests under sustained loading 
were conducted on  304SS centre-circular notched specimens (Fig. 19) at 600°𝐶 by Merah et al [77]. As 
displayed by Fig. 19b, a sudden jump in DC potential signal, due to notch opening and notch induced plastic 
deformation was followed by a constant period until the end of the crack initiation stage, then a gradual 
increase and some subsequent step changes indicated crack propagation. In this case, the crack initiation 
stage was suggested to be determined as a 1% increase in normalised PD. The step changes occurring at 
elevated temperature in Fig. 19 were explained by the contact of multiple cracks and secondary cracks. 
The behaviour of the same specimen under creep-fatigue tests were investigated in a sequent work given 
by Merah [81]. Different to pure-fatigue testing reported in [77], during sustained loading the potential 
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starts increase immediately after the initial jump without a stable region (Fig. 19c), hence the initiation was 
suggested to be determined by a deviation from linearity in DCPD-COD curves (see details in the Section 
3.5.3).  

 
Fig. 19: PD variations with the number of applied cycles a) At room temperature, b) At high temperature (600℃) and c) At 

high temperature (600℃) with hold hour 𝑡! of 5	𝑚𝑖𝑛. d) The SS304 centre-circular specimen. [77, 81] 

Empirical calibrations, established under fatigue loading at over 500°𝐶, for C(T) and CC(T) specimens made 
of 304SS and A470 steels, have been used to predict crack extensions during creep under static loading 
with and reasonable accuracy (maximum error of less than 10% compared with results measured by beach 
marking) by Saxena [47]. Linear empirical calibrations under isothermal and TMF testing conditions have 
been established by ACPD by Dai et al [69], in which the linear slopes were shown to decrease with 
increasing temperature and be independent to TMF cycle type, i.e. similar slopes were given by out-of-
phase and in-phase conditions. However, it was noticed by Merah et al [77] that higher sensitivity in 
calibrations was exhibited at 600	℃ than at room temperature. This was rationalised by the increase of 
crack tip plastic zone radius at high temperature. The disagreement in regard to the dependency of 
calibration sensitivity on temperature is shown in Fig. 20. To enable the determination of crack length 
under high temperature and creep conditions, two corrections were suggested to extend the calibration 
curve obtained at room temperature (“Pred. 1” in Fig. 20b) into a pure-fatigue equivalent at high 
temperature (“Pred. 2” in Fig. 20b) [77] and also then into a creep-fatigue equivalent [81]. 

 
Fig. 20: The effect of sensitivity of calibrations a) ACPD calibration curves at 330 and 480	℃ for Ti6246 [76], b) DCPD 

calibration curves at room temperature and 600	℃ for SS304, prediction 1 – given by a calibration function established at 
room temperature, prediction 2 – the calibration function was corrected for high temperature [77].  

3.5.2 Sustained Load 
Electrical PD methods have been used under dwell time and sustained conditions [17, 82, 89, 90], for 

example, to monitor subcritical crack growth in AM350 SS with effects of environmental factors [89], and 
to study creep crack initiation and propagation in IN-X750 [82]. In a study of fatigue crack growth with an 
introduction of dwell-time at maximum load [90], DCPD was unable to detect crack growth during a 45	𝑚𝑖𝑛 
dwell,  due to low crack growth rates (less than 10#'	𝑚	𝑝𝑒𝑟	𝑐𝑦𝑐𝑙𝑒). In following sustained load tests for 
periods of 170	ℎ𝑟𝑠 , no crack increase was recorded until the maximum stress intensity factor was 
increased up to 36.8	𝑀𝑁𝑚#(/!, as illustrated in Fig. 21.  
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Fig. 21: Crack growth under sustained load for Ti-6Al-4V bar. No rapid crack growth occurred until at  𝐾"#$ =

36.8	𝑀𝑁𝑚%&.(. [90] 

The infeasibility of DCPD has been agreed by Gardiner [91], in which DCPD failed to indicate crack growth 
that was been clearly revealed by a heat tint. Nevertheless, crack growth rates for sustained load conditions 
have been successfully obtained by PD methods [17, 82], particularly for high growth rate cases. 
3.5.3 In Crack Opening Displacement Tests, R-curves and Crack Initiation Determination 

As a further application of monitoring crack growth, PD techniques have been widely applied to crack 
opening testing for the determination of crack initiation and crack growth resistance curves in terms of 𝐽-
integral or crack tip opening displacement (COD), 𝛿 [49]. 

An increase in PD signals has been observed as a response to crack initiation and in turn the feasibility 
of DCPD in detecting crack extension has been validated [138]. The determination of 𝑅-curves by PD 
techniques is achieved in three steps. Firstly, PD signals are measured by DCPD/ACPD while load-line 
displacements/crack mouth opening displacement can be recorded (e.g. by means of a clip gauge). Next, 
the measured PDs are transferred into crack length based on an appropriate calibration. Lastly, the 𝐽 or 𝛿 
at all data points were calculated using available standard definitions, and hence	𝐽 or 𝛿 resistance curves 
against crack growth are established. The validity of 𝑅-curves resulted from the PD technique has been 
validated by the agreement between curves obtained from the regular multi-specimen technique [23, 72-
74, 186], the unloading compliance method [23, 45, 46, 71], and other methods, such as the key [45] and 
normalisation methods [4, 186]. 

There are several advantages of PD techniques in terms of determining 𝑅-curves. The determination 
of 𝑅-curves using these techniques can be completed with a single specimen, which liberates the use of 
multiple specimens as for other methods and thus reduces experimental cost and the influence of material 
scatter [72, 74]. PD techniques can be applied in quasi-static and rapid load rate testing [45, 46, 186], noting 
that elastic compliance techniques are not readily adaptable to rapid loading because periodic unloading 
after specific crack growth interval is necessary for measuring the compliance of the specimen. Moreover, 
unlike the compliance method in which only discrete points could be provided, continuous curves are 
achievable by PD techniques [46]. 

Based on different arrangements of current leads on C(T) specimens, there are two types of indications 
of crack initiation that will be exhibited on potential signal to clip gauge displacement curves (𝑃𝐷 − 𝑈) 
[23]: one with current injected on the top surface containing the crack mouth indicates the initiation by a 
minimum potential. The other, with current leads positioned on side faces, points out initiation by a 
deviation from an initially linear relation. With respect to second indication, the linear portion method, the 
determination of crack initiation by the intersection of the blunting line with 𝐽	𝑅-curves was preferred since 
the deviation criterion gives lower 𝐽" in materials with relatively high ductility [23].  

The minimum potential signal indication has been validated in other studies [72, 74, 134]. The initiation 
point recognised by ACPD by Okumura et al [72] only coincided with actual initiation points obtained from 
the multi-specimen method at low frequency (150	𝐻𝑧) but gave earlier predictions at high frequency 
(4.7	𝑘𝐻𝑧) for high initiation COD (greater than 0.1	𝑚𝑚). The influence of current operating frequency on 
PD signals was reported by Gibson [74], that 𝐽*+, decreases with increasing frequency, which led to the 
conclusion that the minimum ACPD signal was not always suitable for detecting crack initiation. It was 
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argued that PD signals should be corrected for the contribution from the effect of stress on the resistance 
of the specimen and the initiation could be determined by a deviation from linearity of the 𝑃𝐷 − 𝐽 
relationship. The behavior of the change in a linear slope in 𝑃𝐷 − 𝑈 curve has first been observed by Lowes 
and Fearnehough [71] in using DCPD to determine the initiation of ductile tearing. The linear criterion of 
ductile crack initiation was later verified by a number of studies [46, 73, 81]. In some rapid loading testing 
conducted on ferromagnetic materials by Vassilaros and Hackett [46], a pulse of PD occurred in the early 
part of the loading cycle, which hindered the determination of crack initiation using the linear criterion, 
which was presumably due to capacitance effect [46] or ferromagnetic properties [186]. The PD pulse that 
arise in dynamic loading tests of ferromagnetic materials have been investigated by Oh et al [186], which 
has led to the conclusion that the peak height and recovering rate of the pulse tent to increase and 
decrease with increasing loading rates respectively. Due to the abnormal potential pulse that interfered 
the detection of crack initiation, a backtracking technique in which the crack initiation was tracked back 
from the measured final crack lengths was recommended. 

4 Conclusions  

• An overview of many common non-destructive testing methods, currently proposed for the detection 
and measurement of cracks, is given. The techniques discussed are optical, compliance, ultrasonic, 
acoustic emission, eddy current, alternating current field, and potential difference (PD) methods. 

• PD methods have been widely applied to the detection of crack initiation and the subsequent 
monitoring of crack growth as discussed in this review. Also presented is the use of PD in identifying 
crack closure/opening. 

• These methods have received wide acceptance in various applications as reliable non-destructive 
testing (NDT) tools, due to a number of advantages offered by the methods. Such advantages include 
the fact that these technologies are capable of providing accurate and continuous measurements with 
low cost and simple installation. Moreover, PD methods exclude the requirement of visual access and 
are feasible in extreme service conditions such as high temperatures and other harsh conditions.  

• Basic experimental systems of direct current PD (DCPD) and alternating current PD (ACPD) have been 
presented and explained. In excitation circuits of the systems, direct/alternating current is produced 
by a stable power supply and injected to the specimen. The output signals, i.e. the PDs, are then 
measured, amplified and recorded in measuring circuits.  

• Compared with DCPD, ACPD takes advantage of the skin effect, in which alternating currents are 
governed to flow within a thin layer beneath the specimen surface. Hence, ACPD requires lower 
current input yet offers higher sensitivity (due to the reduced dilution of the flowing current due to a 
lower area in which this current flows). ACPD also offers better noise rejection via the use of lock-in 
amplifiers and is immune to DC-induced electromotive force (emf). However, measurements are 
sensitive to the capacitance effect and the installation is more expensive than for DCPD. 

• Calibration curves (for crack length vs. PD measurement) can be determined analytically, numerically 
or by direct or analogue experimental measurements. Such calibration curves/functions have been 
established for various types of specimens in many studies reported in the literature. However, 
calibration is not the unique technique to evaluate cracks using PD methods. Crack shape, size and 
location have also been achieved by non-calibration methods. 

• With consideration of sensitivity and reproducibility of test results, close proximity of the 
measurement probes with the notch has been recommended as optimum for both C(T) and SEN(B) 
specimen types. The optimum attachment of current injection leads is suggested to be on the top-
faces with area contact for C(T) specimens and on side-faces with uniform application for SEN(B) 
specimens (see Fig. 17). Additionally, the placement of current leads at mid-points of side-faces of the 
C(T) specimen geometry (see Fig. 18) has been shown to be capable of obtaining steeper calibration 
curves but at the cost of the magnitude of the generated PD. 
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• Normalisation of PD measurements and crack lengths enables the elimination of errors caused by 
variables such as unstable temperature and material properties. Several methods of determining the 
reference PD have been introduced and compared. A reduction in errors caused by thermally induced 
emf, for example, can be achieved by choosing similar materials of specimen and measuring probes, 
and by periodically changing the direction of current.  

• PD methods have been applied with success to the monitoring of many crack geometries, including 
asymmetric centre cracks, angled cracks, multiple cracks and cracks extended under mixed mode 
fracture. Performance of the methods under aggressive conditions such as corrosion, high 
temperature, creep and cycled loading have been discussed in detail.  

• In addition to the error sources possibly faced during the application of potential drop methods, which 
have been discussed, disadvantages of this technique include the effect of the determination of 
calibration on the sensitivity and the limitations to conductive materials. The confidence in generated 
calibration will ultimately affect the measured results unless PD methods which dispense with the need 
for calibration are applied. In order to extend the application of such technologies to electrical-
insulated materials, application of conductive layers covering the material surface are considered as a 
feasible method.  

• Although PD methods have been accepted as a reliable tool to identify crack lengths, other crack 
parameters such as shape and location are currently beyond this technology (for curved/tunnelled 
cracks, such as thumb-like cracks, a single crack length is insufficient for representing the whole crack 
and for supporting subsequent crack growth modelling activities. Therefore, the determination of 
crack shape is recommended as a significant area for future research. 
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