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A B S T R A C T

To improve resolution of in-situ measurement of crack closure and opening in fatigue, potential
drop (PD) measurement technique has been further developed to measure thousands of times
through each load cycle with high precision. The results are interpreted with physical phenom-
ena like strain, Poisson’s effect, piezo-resistivity, plasticity, and crack growth. Application of
the technique to fatigue crack growth tests on aluminum 2024-T3 CCT specimens at different
maximum stresses and stress ratios, demonstrate that indeed variations in PD can be associated
to development of plasticity and crack opening and closure. Hence, the technique allows to
measure timing and magnitude of crack opening and closure stresses in-situ in fatigue crack
growth experiments.

. Introduction

Fatigue crack growth of long cracks in metal alloys can be described using linear elastic fracture mechanics (LEFM). It is often
xpressed as the crack growth rate 𝑑𝑎∕𝑑𝑁 versus a similitude parameter 𝛥𝐾, function of crack length 𝑎 and maximum stress 𝑆max,
r 𝛥𝐾eff , which is a function of the crack length 𝑎, maximum stress 𝑆max, and stress ratio 𝑅. Measurement of the crack length is
enerally performed using in situ observations of the specimen surface [1], or using a clip gauge to measure specimen compliance.
rack length measurements can also be performed using the potential drop (PD) technique [2–8], which measures the electrical
otential over the remaining cross-section area of the crack plane in metal or other electrical conductive materials, and relates this
nalytically to the average crack length.

ASTM International provides the E 647 standard [9] on usage of the technique for compact tension C(T), middle tension M(T),
nd eccentrically-loaded single edge crack tension ESE(T) specimen types since 1978. Compared to (manual) photograph analysis,
D can be measured at each individual cycle which generates larger data sets, to which smoothing and averaging techniques can
e applied, resulting in crack length and crack growth rate data of higher resolution and better quality. Furthermore, PD gives a
ignificantly improved estimate of the mean crack progression as it measures the conductive area along the crack plane, rather than
nly the crack length on the specimen surface.

Most crack growth literature discusses phenomenological approaches and results, based on measurements and simulations. Many
heoretical models of plasticity and crack opening and closure share the same limitation: the related (similitude) parameters are
xpressed per full cycle, implicitly assuming that changes per cycle are instantaneous or averaged over the cycle; 𝑑∕𝑑𝑁 . In reality,
rack growth and plasticity development do not occur instantaneously and are dependent on the applied load throughout the cycle.
his dependency can be expressed as function 𝑓 (𝑑∕𝑑𝑡), where 𝑡 is either the real time, or a fictitious, nondimensional time where
cycle runs from 𝑡 = 0 to 𝑡 = 1. The latter option has the advantage of decoupling the observed signal changes from the applied
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Nomenclature

𝛽 finite width correction factor [-]
𝜀 strain [-]
𝛥𝐾 similitude parameter [MPa m0.5]
𝛥𝐾eff similitude parameter [MPa m0.5]
𝛺 electrical resistance [Ohm]
𝜈 Poisson’s ratio [-]
𝜌 electrical resistivity [Ohm m]
𝜎 standard deviation [-]
𝜙 electrical potential [V]
𝐴 area, specimen cross-section [m2]
𝐴∗ unit area [-]
CCT center crack tension specimen type [-]
C(T) compact tension specimen type [-]
DIC digital image correlation [-]
𝐸 stiffness [MPa]
EMF (thermal) electromotive force [-]
ESE(T) eccentrically-loaded single edge specimen type [-]
FPGA field-programmable gate array [-]
𝐼 electrical current [A]
𝐿 length [mm]
𝐿∗ unit length [-]
LEFM linear elastic fracture mechanics [-]
LT long transverse, material grain direction [-]
M(T) middle tension specimen type [-]
OL overload [MPa], [-]
PD potential drop [-]
PD TTC potential drop through the cycle [-]
𝑅 stress ratio [-]
𝑆 mechanical stress [MPa]
𝑆cl closure stress [MPa]
𝑆clphen closure stress used in 𝛥𝐾eff equation [MPa]
𝑆clphys true closure stress [MPa]
𝑆max maximum stress [MPa]
𝑆min minimum stress [MPa]
𝑆op opening stress [MPa]
𝑆opphen opening stress used in 𝛥𝐾eff equation [MPa]
𝑆opphys true opening stress [MPa]
𝑆yield yield stress [MPa]
TTC through the cycle [-]
𝑉 specimen volume [mm3]
𝑉 ∗ unit volume [-]
𝑊 specimen width [mm]
𝑎 crack length [mm]
𝑑𝑎∕𝑑𝑁 crack growth rate [mm/cycle]
ℎ temperature [deg Celsius]
𝑡 time, fractional time through cycle [s], [-]

test frequency, and is the time definition used in this paper. Fatigue phenomena are generally not time dependent [1], except for
secondary effects like creep or corrosion which tend to be orders of magnitude smaller. Integrating the aforementioned function
over one full cycle results in a value belonging to that specific cycle:

𝑡𝑁+1
𝑓
( 𝑑 )

𝑑𝑡 =
[ 𝑑 ]

(1)
2

∫𝑡𝑁 𝑑𝑡 𝑑𝑁 𝑁
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Fig. 1. Schematic view of the PD measurement electric path through a fatigue specimen, at several stages during a fatigue cycle. The applied current flows
vertically in each stage.

If fatigue phenomena such as crack growth and plasticity are observable with the potential drop technique, their behavior and
development can be tracked during each cycle using multiple potential drop measurements per cycle. Such a measurement system
was developed for this study, and is called: potential drop through the cycle, or PD TTC.

Fig. 1 illustrates several different stages during a fatigue cycle, the associated plasticity, and electrical path length. It is clear
that the measurement path length is affected, and that it traverses plastically deformed regions which vary in size during a cycle. A
standard PD setup takes high frequency measurement(s) at 𝑆max only during each cycle (stage (d) in Fig. 1) to prevent closure effects
from interfering with the potential measurement, and is therefore unable to capture these effects. The difference in the signal over a
period of one cycle (stage (d) to stage (d) in Fig. 1) relates to the crack growth rate 𝑑𝑎∕𝑑𝑁 found with standard PD measurements.

The PD TTC setup can perform several hundred to several thousand measurements during each cycle. This high frequency
measurement rate throughout the full 𝑆 range and improved resolution allow for observing the development of the potential through
each cycle, creating the opportunity to study the development of plasticity and crack growth within each cycle. This idea is further
developed in this paper.

2. Crack opening and closure: the added value of potential drop through the cycle

Elber [10] introduced the concept of crack opening and closure: the crack is open only during part of the cycle, and closed
during the other part. Of the different sources reported for this crack tip opening and closure (plasticity, roughness, asperity, etc.)
the current work focuses on plasticity induced crack closure and opening, which is generally considered the dominant source.

The related similitude parameter 𝛥𝐾eff is supposed to incorporate the closure effect and thereby removing the stress ratio effect
𝑅, as improvement over the 𝛥𝐾 similitude parameter. Based on this assumption, the closure concept has led to multiple crack
closure models such as [1,10–15] which are phenomenologically derived, and validated for various metals, alloys, and 𝑅 ranges.
This closure-based 𝛥𝐾eff concept is an improvement but not fully successful, given discussions in literature [16–23]. This is partly
due to the actual opening and closure happening over a certain range of loading and time [10,24], rather than being instantaneous,
and there is some uncertainty regarding the definition of opening and closure [1].

Part of this uncertainty is due to measurement techniques. Crack opening and closure is generally measured using the crack
opening displacement (COD) technique. The basic concept is a strain gauge applied in loading direction over the center of the
crack, or over the very crack tip, to measure how the local strain changes with the globally applied loading. A change of the slope
in this correlation signals the occurrence of opening or closure, but the method is not precise in observing the exact strain and
load where the slope becomes constant [1,10,24]. One of the reasons is that the physical gauge locations are influenced by plastic
deformation, while this effect is neither accounted for nor corrected for in the COD technique. Convention states that crack opening
𝑆op occurs when the crack tip first becomes fully open. Similarly, crack closure 𝑆cl happens when the crack tip first starts to close.
Schijve [25] states that the values of 𝑆op and 𝑆cl are generally found to be sufficiently close enough, that 𝑆op is used for the closure
corrections and the 𝛥𝐾eff parameter.

It is possible to measure the potential change during crack opening and crack closure with a PD technique, because it will observe
changes in potential when the crack length changes. Since these events are connected with the growth of the plastic zone at the
crack tip, development of this zone might affect the signal too. From Fig. 1 it can be inferred that the change in potential 𝑑𝜙 within
a cycle might not be linearly related to the instantaneous crack extension 𝑑𝑎. This leads to the hypothesis that measurements from
a potential drop through the cycle (PD TTC) technique can be used to relate energy dissipation events such as crack growth and
3
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Fig. 2. Schematic view of a fatigue specimen with a crack (one half of a CCT specimen). Crack tip plasticity is present. The effective PD TTC measurement
electric path around the crack is shown in orange, connecting the two red electrodes. The current flows vertically through the specimen.

crack tip plasticity development, as well as true crack opening and true crack closure, to specific time intervals and time instants
within a fatigue cycle.

Crack opening and closure can be studied in greater detail using PD TTC. In earlier work [26], the authors pointed out that there
is a difference between the physical opening stress 𝑆opphysand the phenomenological opening stress 𝑆opphen . 𝑆opphys is the true stress
at which the crack tip opens, which is challenging to measure accurately as no measurement devices can measure at the crack tip
itself. Only FEA appears to be able to give accurate 𝑆opphysvalues. The 𝑆opphenvalues are widely used by closure corrections and the
𝛥𝐾eff approach, but originate from measurements in the vicinity of the crack tip, not directly at it. 𝑆opphysand 𝑆opphencan be linked
through an energy equivalent area approach [26,27]. PD TTC can indirectly observe the true physical opening stress 𝑆opphys , which
can be reworked into a 𝑆opphenvalue for existing closure corrections. The same procedure holds for reworking 𝑆clphys into 𝑆clphen .

The PD TTC technique in general measures a potential over a crack in a specimen, and the change of potential is the summation
of several effects. These effects are only present during parts of a cycle and with varying magnitude, such as extension of the crack
and crack tip plasticity growth. The development of these effects can be analyzed from the potential, and are explained in more
depth below, to illustrate the applicability and suitability of the PD TTC technique.

3. Change of potential through one cycle

The measured potential is the result of the constant direct current applied to the specimen and the electrical resistance between
the PD electrodes, through Ohm’s law:

𝜙 = 𝛺𝐼 (2)

The resistance 𝛺 changes due to the strain resulting from the applied loading, and crack growth. Assume that at any given point
in time the electrical situation is constant. The specimen is a conductor of uniform cross-section with a uniform current, such that
the resistance can be calculated using Pouillet’s law:

𝛺 = 𝜌𝐿
𝐴

(3)

Where the specimen geometry parameters length 𝐿 and cross-section area 𝐴, and the resistivity coefficient 𝜌 relate to the total
electrical resistance.

The value of 𝜙 in Eq. (2) will change when 𝛺 changes, as 𝐼 is constant. It is this potential that is measured with the PD setup.
Two effects have a major influence on the change of 𝛺: the Poisson effect, which changes with the geometry of the conductor,

and piezoresistivity, which changes the resistivity coefficient. Both effects are explained below, and are both present globally
when loading is applied to a specimen. There are also two fatigue crack growth specific effects, which are local subsets of the
aforementioned effects: crack tip plasticity, and crack extension. Crack tip plasticity changes the local geometry and increases local
strain; it is a combined effect of the Poisson effect and piezoresistivity. Crack growth results in a cross-section area reduction and
effective overall stiffness reduction: it relates to the Poisson effect. Furthermore it results in a lengthening of the PD electrical
conductive path. A schematic view of the electrical conductive path is presented in Fig. 2, showing how crack growth and plasticity
affect the conductivity. The relations between the four effects are shown in Fig. 3, and discussed in more detail further on.

3.1. Poisson Effect

Consider a unit cell of a homogeneous isotropic material. When a mechanical load is applied in one direction, then the geometry
will elongate in the loading direction, and contract in the transverse directions. The elongation and contractions are related through
the Poisson’s ratio 𝜈:

𝜈 = −
𝑑𝜀transversal (4)
4

𝑑𝜀axial
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Fig. 3. A schematic view of how the global and local PD effects are related.

For 𝜈 ≠ 1
2 which holds for most materials and metals, a change in strain results in a change in volume. A fatigue specimen acts

as a large unit cell, similarly affected by the Poisson effect. When (a part of) the metal specimen is used as an electrical conductor,
the geometric changes due to loading will cause a change of electrical resistance over this conductor. A tensile load increases the
length between the electrodes, and decreases the cross-section. Both increase the resistance of the conductor.

The change of potential for a given strain can be derived using the following equations. Consider a unit cell of length 𝐿∗, cross-
section area 𝐴∗ = (𝐿∗)2, and volume 𝑉 ∗ = (𝐿∗)3. Upon an elongation of amount 𝛥𝐿∗ = 𝜀𝐿∗, resulting in a new length 𝐿∗

𝑛𝑒𝑤 = 𝐿∗+𝛥𝐿∗,
the ratio of the new volume over the initial volume becomes:

𝛥𝑉 ∗

𝑉 ∗ =
(

1 + 𝛥𝐿∗

𝐿∗

)(1−2𝜈)
− 1 (5)

The new volume then becomes:

𝑉 ∗
𝑛𝑒𝑤 = 𝑉 ∗ + 𝑉 ∗ 𝛥𝑉 ∗

𝑉 ∗ (6)

And the new cross-section area follows from:

𝐴∗
𝑛𝑒𝑤 =

𝑉 ∗
𝑛𝑒𝑤

𝐿∗
𝑛𝑒𝑤

(7)

Substituting 𝐿∗
𝑛𝑒𝑤 and 𝐴∗

𝑛𝑒𝑤 into Eqs. (2) and (3), results in the new electric potential. For a typical value of 𝜈 = 0.33 for aluminum
2024-T3 [28], the volume increases when a tensile load is applied. For an electric conductor, not the volume but the length and
the cross-section are of importance. In this case, the length increases faster than the volume, and through Eq. (7) the cross-section
is found to decrease. Both the increased length and the reduced cross-section result in a higher electric resistance, and thus an
increased potential.

3.2. Piezoresistivity

Piezoresistivity is the change in the electrical resistance of a metal when mechanical strain is applied. The resistivity coefficient
𝜌 in Eq. (3) is affected by temperature [29] and mechanical loading [30–35], which both alter the strain on the material. The
mechanical loading dependency is of interest here, as most tests are performed at constant temperature. Hunter and Nabarro [30]
mention that electrons tend to flow from compressed to expanded regions, meaning that tensile strained regions attract electrons
and thus lower the resistivity. This holds for the whole elastically strained specimen, but also for local plastically strained zones
such as the crack tip plastic zone. The change is dependent on the crystal structure, and varies therefore with the type of metal and
alloy. For typical metal fatigue specimens the effect is observed to be small, less than 0.1% of the total resistivity. For aluminum it
holds that the resistance decreases with increasing strain. Morozov et al. [36] show this nonlinear behavior between the strain and
the electrical resistance of thin aluminum rectangular strip specimens. Fig. 4 shows this relationship for aluminum 2024-T3 strips
for various amounts of plastic strain and for longitudinal and transverse grain directions.

3.3. Crack tip plastic deformation

Consider a fatigue specimen under increasing strain. At the crack tip, a region with 𝑆 > 𝑆yield exists where plastic deformation
occurs. The local strain increases significantly, affecting the local electrical resistivity through the Poisson effect and piezoresistivity.
Because plastic deformation happens around the crack tip, it is a very local phenomenon during the majority of the specimen life.
The effect on the general dimensions and resistivity of the total specimen are therefore negligible. However, since the PD electrodes
are positioned such that the electrical path between them sees a large part of the plastically deformed crack tip region (see Fig. 1),
the effect is large enough to significantly influence the resistivity of the PD electrical path. Additional changes in plasticity occur
around the crack tip during the crack growth phase as the plastic zone moves along with the crack tip.

It was concluded earlier that the PD TTC curve is proportional to the loading due to the Poisson effect and piezoresistivity. For
crack tip plastic deformation it is the piezoresistivity that is affected the most here, making the PD TTC curve depart from the initial
proportionality with the loading curve. A similar but smaller discrepancy might be observed near the end of each cycle, where
compressive stresses generate reverse plasticity.
5
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Fig. 4. Piezoresistivity curves for various amounts of plastic strain for aluminum 2024-T3: (a) longitudinal grain, (b) transverse grain. Note initial nonlinearity
with increasing strain.
Source: Redrawn from [36].

3.4. Crack growth

The crack growth per cycle is generally small, around nm up to μm for the majority of the crack life as observed in fatigue crack
growth tests discussed below. The process of crack opening, extension, and closure during part of the cycle should in theory be
observable in the PD TTC signal. The electrical path length increases during crack growth, and the remaining cross-section area of
the specimen decreases.

4. Potential drop through the cycle measurement setup

The continuous potential drop measurement system developed in the current study is used to measure the electric potential with
high resolution, several orders of magnitude better than required for standard PD. A subset of this data containing the potentials
at 𝑆max is used as input for the ASTM method [9] to calculate the crack length 𝑎 and crack growth rate 𝑑𝑎∕𝑑𝑁 . The crack growth
rate is plotted versus 𝛥𝐾eff to generate typical fatigue crack growth curves. The measurement setup and the specimen geometry are
discussed separately.

4.1. PD TTC measurement setup

A dedicated PD measurement system was developed in-house at Delft University of Technology. The standard PD procedure is to
measure the potential at peak load (𝑆max), either by a single measurement or by averaging multiple (high frequency) measurements
at or around 𝑆max. PD TTC is capable of continuous high frequency measurements at varying 𝑆 throughout the full load cycle, which
result in more information about the potential with respect to the applied load compared to standard PD. The basic design goals of
the new system were:

• Measure the potentials over a test and a reference specimen, and calculate the potential ratio needed for the crack growth
equation given in the ASTM E 647 standard [9].

• Measure these two potentials simultaneously to reduce data scatter.
• Perform continuous PD measurements at kHz rate for a test frequency up to several Hz for data smoothing.
• Perform continuous PD TTC measurements at kHz rate for a test frequency of several Hz to observe the change in potential

through every cycle of a sine signal.
• Automatically track the minima and maxima of the sine spectrum, to find the standard PD potential at 𝑆max for every cycle.

The potential drop measurements and subsequent data operations are handled by an FPGA (field-programmable gate array),
here a National Instruments CompactRIO Controller cRIO 9074 [37]. It controls two separate potential measurement circuits, and
it can store temperature measurements of ambient air or the specimens using thermocouples. These temperature measurements
can be used during post-processing to correct for stiffness changes. PD measurement wires of equal length were used, and were
twisted to minimize thermal EMF. The use of the potential ratio between a test and a reference specimen also minimizes thermal
EMF by canceling out most temperature effects. A constant current power supply is connected to the specimens to generate the
potentials. Most tests use the Delta Elektronika SM100-AR-75, set at 75A. The electrical resistance of total circuit gives a potential
6
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Fig. 5. Schematic view of the test setup with potential drop measurement device and constant current source. Actual tests were performed with a 250 kN MTS
fatigue machine.

Fig. 6. Potential drop measurement FPGA flow chart.

of about 0.5V. This results in about 37.5W of power being supplied to the circuit. This power heats up the specimens until a thermal
equilibrium up to 5 ◦C above ambient is reached, verified by thermocouples. The test is not started before this equilibrium is reached.
The complete setup is illustrated in Fig. 5.

The FPGA is programmed using LabVIEW, and the measurement routines are developed in-house at the Delft Aerospace Structures
and Materials Laboratory (DASML) of Delft University of Technology. The FPGA is concerned with seven tasks:

• Take simultaneous potential measurements at a frequency of 50 kHz, and apply an averaging function per 10 measurements,
resulting in a smoothed signal of 5 kHz.

• Regularly take zero-current potential measurements, for calculating the true potentials.
• Track the test specimen load signal from the fatigue machine as measured by a load cell for sine loading peak–valley detection,

to obtain the start and end times of each cycle.
• Calculate the potential ratio used in the ASTM E 647 standard [9].
• Reduce data scatter by using a moving average smoothing over a user-defined number of cycles.
• Measure the temperature of both specimens with thermocouples.
• Write the moving average smoothed measurements of one cycle to a data file every user-defined amount of cycles.

A flow chart of the FPGA software routine is given in Fig. 6.

4.2. Fatigue specimen material and geometry

The test and reference specimens were made as identical copies from the same material batch, of which only the test specimens
were fatigued. A typical specimen was CNC milled from 2024-T3 aluminum plate of 6.1mm thickness. The test specimens were
7
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Fig. 7. Drawing of a typical fatigue test specimen as used with the PD TTC setup. Loading direction horizontal. The constant current was connected through
the edge holes on the horizontal centerline.

Fig. 8. Close-up of a representative PD electrode attachment. The M2 brass bolt connects the PD wire with the specimen.

loaded in L-T direction, and had on each end five attachment holes of 10.5mm diameter for clamping. Fig. 7 shows the specimen
geometry and location of the PD electrodes. A center hole of 4mm made it possible to create starter cracks by fretsaw, with 𝑎 = 8.0
±0.2mm based on visual inspection.

The electrode attachment was similar for all specimens. Two M2 tapped holes were used for attaching M2 brass bolts. Fig. 8
shows a close-up of an electrode attachment. PD measurement wires with appropriate crimp fittings were bolted onto these brass
bolts and were not in direct contact with the specimens.

5. PD TTC test results

A number of PD CCT fatigue tests were performed using a constant amplitude spectrum, with and without overloads. The test
results are published as data set [38], and Table 1 gives an overview of these tests. Test 8 is a sine spectrum on an uncracked specimen
to investigate the potential behavior in absence of crack growth and plasticity. For the other tests it holds that the observed PD TTC
curves behave similar for various 𝑆max and 𝑅 values. Test 1 is a representative example used below to illustrate the findings of the
PD TTC measurements.

For all tests except test 8, a moving average smoothing of 500 cycles was applied. A PD TTC cycle was stored every 50 or 100
fatigue cycles, resulting in data sets in the order of several hundred PD TTC cycles each. The AFGROW software [39] was used to
generate predictions using the NASGRO equation and the material choice of 2024-T3 Al clad, plt & sht, L-T direction.
8
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Table 1
PD TTC tests. Al 2024-T3, CCT fatigue specimens, constant amplitude.
Tests 6 and 7 had an overload approximately equal to twice 𝑆max. Test
8 is not a fatigue test.
Test no. 𝑆max 𝑅 𝑁 OL
[-] [MPa] [-] [cycles] [-]

1 97.06 0.063 24,594 No
2 174.8 0.608 23,534 No
3 145.9 0.607 50,254 No
4 116.6 0.608 1,12,644 No
5 87.4 0.608 3,35,791 No
6 87.8 0.100 48,170 Yes
7 87.8 0.101 44,998 Yes
8 160.0 0.025 – No

Fig. 9. Potential ratio curves of test 1, per cycle time 𝑡. A subset consisting of each 250th curve is shown for clarity. With increasing crack length, the ratio
increases. The values at 𝑡 = 0.5 correspond to standard 𝑆max PD values.

The differences between both crack growth curves is mostly in the different crack formation lives, as result of the fact that in
the tests cracks had to nucleate from the fretsaw cut tip. To compare both crack growth curves, the AFGROW curve is translated to
start at nearly the same crack length as the measured curve.

Increasing 𝑅 and/or lowering 𝑆max would result in a longer life at lower 𝑑𝑎∕𝑑𝑁 and more PD TTC cycles. However, at lower
𝑑𝑎∕𝑑𝑁 the relative precision is less given the measurement resolution, and a larger number of cycles is needed for moving average
smoothing. This is discussed in more detail in section Section 6, and a rather short fatigue life test was chosen to increase the relative
measurement precision.

The measured PD TTC potentials include the potential ratios of the test and reference specimens. The reference specimen potential
was observed to be virtually constant, resulting in the potential ratio being effectively proportional to the test specimen potential.
The output files of the measurement device contain the test specimen potential and the potential ratio.

5.1. Standard PD results from PD TTC data set

Using only values at 𝑡 = 0.5 at 𝑆max, the crack growth potential ratio per cycle appears which is commonly used as input for the
ASTM PD crack length calculation. The results of test 1 are shown below as a representative example. The measured PD TTC ratio
is shown in Fig. 9. Each curve starts at a higher potential ratio, because each cycle starts at an increased crack length. The change
in potential through a single cycle increases during the specimen life too, and deviations become more pronounced as well.

The values at 𝑡 = 0.5 in Fig. 9 constitute the standard, once per cycle PD measurements. Fig. 10 shows the ASTM PD crack
length calculation results of this subset, together with the AFGROW prediction. The AFGROW curve has been slightly translated
horizontally to match the measurement curve due to a deviation in crack formation life.

The corresponding crack growth rate 𝑑𝑎∕𝑑𝑁 versus 𝛥𝐾eff is shown in Fig. 11, where a rather linear section (Paris region II) on
double logarithmic scales is observed.

This example illustrates that the standard, once per cycle PD data point is only a subset of the full PD TTC signal, and that
consequently more information is present in the PD TTC signal.

5.2. A closer look at the PD TTC signal

In order to compare the potential curve shapes from Fig. 9, all the curves are translated in vertical direction to start at zero. Note
that they are only translated, not scaled. This translation preserves the relative changes in potential, but not the absolute values.
9
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Fig. 10. Crack length versus cycles for test 1. Red data points are generated using the method given in ASTM E647 [9], using the potential values at 𝑡 = 0.5
from the curves shown in Fig. 9. AFGROW curve shown for comparison. The orange, green, and cyan markers correspond with the points in Fig. 11 and curves
in Fig. 12.

Fig. 11. Crack growth rate curve of test 1. A bilinear Paris region II is observed in the range 17 < 𝛥𝐾eff < 40. AFGROW curve shown for comparison. The
orange, green, and cyan markers correspond with the points in Fig. 10 and curves in Fig. 12.

The result is shown in Fig. 12. Most curves have only a small change in potential throughout the cycle as the largest part of the
specimen life at a relatively low 𝑑𝑎∕𝑑𝑁 , apparent from Fig. 11, whereas the most pronounced curves are the ones near the end of
the specimen life. Nevertheless, Fig. 12 shows that a consistent behavior of the potential is observed throughout a wide range of
cycles.

One of the PD TTC curves from Fig. 12 is examined in more detail to explain the behavior of the potential seen in all cycles.
In Fig. 13 this curve is overlaid with a sine to show the similarities with the sine loading spectrum. Initially the potential follows
this sine behavior very closely. Around one-quarter of the cycle duration does the potential break away into a plateau-like behavior
until about three-quarters of the cycle duration. After this plateau, until the end of the cycle, does the potential follow a sine-like
behavior again, although not exactly on top of the loading sine.

To give a sense of the plateau significance, the standard deviation of the plateau data range of the green curve from Fig. 12 was
calculated. Fig. 14 shows this PD TTC data and the 1𝜎 and 3𝜎 standard deviation boundaries, which encompass 68.2% and 99.7% of
the plateau data respectively. It is clear that the virtually all plateau data points fall within a small band of potential ratio values,
showing that the plateau is a significant feature of the PD TTC curve.

5.3. The origin of the PD TTC plateau

To demonstrate that the observed PD TTC plateau relates to plasticity, a similar but uncracked aluminum 2024-T3 panel
was subjected to a low-stress sine loading cycle; test 8. The choice of 𝑆max = 160MPa, well below the material yield stress
𝑆yield = 324MPa [28], ascertained absence of any plasticity. With plasticity and crack growth absent, it was expected that the
change in potential would be proportional to the change in loading. The observed PD TTC curve closely follows the sine shape, as is
shown in Fig. 15. The Poisson and piezoresistivity effects both fluctuate in close accordance with the loading, resulting in the ratio
between these effects being rather constant and following the loading signal.
10
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Fig. 12. Potential TTC curves of test 1, per cycle time 𝑡. These are the same curves as in Fig. 9, now translated vertically to start from zero to facilitate
comparison of the PD TTC curve shape. The orange, green, and cyan curves correspond with the similarly colored points in Figs. 10 and 11.

Fig. 13. A single TTC curve from measurements, with an overlaid sine curve representing the applied loading. A correlation is observed during the first and
last quarter of the cycle. A plateau appears in between, at a certain load level.

Fig. 14. Potential TTC curve of test 1, corresponding to the green curve in Fig. 12. The plateau data is shown in blue, with 1𝜎 and 3𝜎 standard deviation bands.

A small flattening of the curve is seen directly around 𝑆min, which is a result of the initial nonlinearity of the piezoresistivity near
zero strain (see Fig. 4). Because the plate does not contain a crack, the change in potential due to elastic loading is small compared
to the potential signal of a well developed crack. The relative scatter in Fig. 15 is therefore orders of magnitude larger than the
scatter observed in Fig. 13. It also explains the choice for a large 𝑆 compared to the fatigue tests.
11
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Fig. 15. Two PD TTC cycles from test 8, with an overlaid sine curve representing the applied loading. A clear correlation is observed throughout the cycles.
Compare with Fig. 12; the plateau only appears when crack tip plasticity is present.

Fig. 16. Elastic perfectly plastic stress–strain curve and corresponding schematic PD TTC curve. Above a certain stress level near or at 𝑆yield, plastic deformation
exists, which increases 𝜀 at constant stress and constant potential, resulting in a plateau (green).

A further strengthening of the concept follows from a better understanding of what PD TTC is measuring. This is explained using
Fig. 2, where the effective electric path through a part of the specimen is shown schematically. During one cycle, the extension of
the crack is small compared to the existing crack. The electric path therefore does not significantly extend in direction of the crack
growth (horizontal). During that same cycle the crack tip plastic zone does develop and extend as a result of the applied loading,
which is captured by the section of the electric path going around the crack tip (vertical). This shows that the PD TTC signal
primarily measures crack tip plasticity. In reality there is not one unique conductive path but rather a conductive field, however
the strongest signals are observed near the shortest path. Furthermore it is not a purely geometric function, as the signal strength
is also strain dependent and thus a function of plasticity too.

Given the shape of the plastic zone and the electric path, it cannot be directly concluded that the measured signal is linearly
proportional with the amount of plasticity. But if the crack tip plasticity is proportional to the total plastic energy dissipation in the
plastic zone, then it can be argued that a proportionality exists between the PD TTC signal, the applied load, and the amount of
plastic dissipation.

During the plateau phase, there is a difference in potential between the sine loading curve and the plateau level. The sine loading
is proportional to the elastic energy present in the global specimen, and the PD TTC signal shows a local effect. Nevertheless, the
vertical difference between both in Fig. 13 is a measure for the local energy being dissipated by plastic deformation. The plateau
can be explained using an elastic perfectly plastic stress–strain curve, as shown in Fig. 16. Once the local stress reaches a certain
level, near or at 𝑆yield, the stress stays at this level but the strain increases due to plasticity. It is this effect that causes the PD TTC
plateau. In reality there is a slight stress increase during plastic deformation, which accounts for the gradual potential increase at
the start of the plateau, and the gradual decrease at the end of the plateau, visually appearing as the rounded corners at the start
and end of the plateau.

5.4. Observing 𝑆op and 𝑆cl with PD TTC

Consider that if the PD TTC curve is related to crack tip plasticity, it also indicates crack growth phenomena such as crack
opening and crack closure. As stated earlier, the change in potential due to crack growth itself is too small to be observed with the
current measurement setup. However, the change in plasticity behavior can indirectly indicate crack growth effects. This is shown
in Fig. 17, based on the curve shown in Fig. 13. The PD TTC curve shows again a sine-like behavior until about one quarter of the
cycle length. Here the signal levels off onto the plateau quite abruptly, Fig. 17 shows a short time range around 𝑡 = 0.23 where this
12
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Fig. 17. The plateau region has a nearly constant potential, showing a balanced act between the Poisson effect and the piezoresistivity. Crack opening and
closure transition time intervals shown in magenta.

occurs. This range is believed to be the change in global stiffness 𝐸 as schematically shown in Fig. 18, which occurs when the crack
opens and crack growth begins.

The first instant that the PD TTC curve moves away from the sine loading curve proportionality, could be seen as the start of
plastic flow. This is the start of the transition phase shown in Fig. 18. Because of the plastic flow, the crack tip is pulled open
during the transition point. Residual compressive stresses might be present around the crack tip, originating from previous cycles
and depending on the loading conditions. These compressive stresses need to be alleviated first before the crack tip fully opens an
crack growth can develop.

In accordance with [16], crack opening was defined as the moment that the crack tip finally becomes completely open. This
occurs at the end of the transition phase in Fig. 18, and is the start of the plateau in the PD TTC curve in Fig. 17. Moreover, this
point is more easily defined and observed than the start of the transition phase. An analogy can be found in a typical material
stress–strain curve. The 0.2% offset yield point assumption is often used in engineering practice, because the actual elastic limit
point is difficult to define accurately.

Noting that opening occurs over a finite time interval, combined with reported [1,10,24] COD measurement scatter of the 𝑆op
timing, in a similar way the assumption is made that 𝑡𝑆op

occurs at the crossing of the tangents at start and end of this opening time
interval. This is shown in Fig. 17, from which it is clear that the tangent crossing is easy to determine. 𝑆op then follows from the
loading curve at 𝑡𝑆op

.
In a similar way the closing stress 𝑆cl can be calculated from 𝑡𝑆cl

. However, from Fig. 17 it is clear that the time interval during
crack closing is significantly larger than during crack opening. The exact reason is yet unknown, but a plausible explanation is that
the new crack tip shape after crack extension causes a smooth, gradual closure of this newly formed crack extension. The tangent
crossing procedure results in a 𝑆cl value slightly higher than 𝑆op, which is consistent with literature [25]. This strengthens the idea
that the PD TTC concept is capable of deriving indirectly, but rather precise, the load levels at which the crack opens and closes,
and how these levels may change throughout the life of the fatigue specimen.

6. Measurement precision and accuracy, signal sensitivity, and smoothing

A brief discussion is given on the sensitivity of PD TTC compared to standard PD, and the application of PD TTC signal smoothing
over several successive cycles.

6.1. Measurement precision and accuracy

The measured potentials are in the order of μV, which are amplified by the PD setup to mV. These small signals make the overall
electric circuit and measurement setup extremely sensitive to electrical and magnetic interference. The electronic amplifiers must
be exceptionally stable to allow for good precision. An improvement in noise reduction is roughly proportional to the improvement
of the lower effective 𝑑𝑎∕𝑑𝑁 limit. Significant but short-lived potential changes due to local temperature interference have been
observed as well, arising from tiny air currents or simply by touching a specimen. The measurement scatter in the amplified mV
signal is in the order of mV or smaller, requiring smoothing over multiple cycles.

With the changes in potential through the cycle initially being small, a moving average technique is applied over a constant
number of successive cycles. This reduces measurement scatter and improves accuracy. Each measurement point of a given PD TTC
cycle is thus the average of a predefined number of previous successive measurements taken at the same PD TTC time instant 𝑡.
This procedure takes place in the measurement setup FPGA in real time during the test.

The use of this data scatter reduction technique is justified on the basis that for sufficiently small 𝑑𝑎∕𝑑𝑁 , it can be assumed that
a certain number of subsequent cycles have essentially a constant 𝑑𝑎∕𝑑𝑁 at equal 𝑎. It appears self-contradictory since a nonzero
13
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Fig. 18. A schematic, global stress–strain diagram of the specimen belonging to Fig. 17. The nonlinear section (orange) relates to the transition from a closed
crack (𝐸0) to an open crack (𝐸1, PD TTC plateau).

𝑑𝑎∕𝑑𝑁 results in a change of 𝑎, but consider that 𝑑𝑎∕𝑑𝑁 ≪ 𝑎. Consecutive PD TTC cycles are thus nearly equal. To further improve
measurement precision and accuracy over the current PD TTC setup, electronic amplifiers with less noise (< 2% of absolute signal)
and an improved electrical insulation from external disturbances of the whole circuit are paramount.

6.2. PD TTC signal resolution versus standard PD signals

The observed potential changes through the cycle, as indicated in Fig. 1. The presence or absence of plasticity and the occurrence
of crack growth influence the signal strength and the signal path length. The ratio of test potential over reference potential generally
grows from unity to a value about ten times larger. The change in potential during a single cycle is several orders of magnitude
smaller, and is through plasticity and crack growth effects linked to 𝑑𝑎∕𝑑𝑁 .

The standard PD technique is a well-established method of observing crack growth during the fatigue life, and generally takes
(high frequency) measurements at 𝑆max only. One of the reasons for doing so is that closure effects do not play a role as 𝑆max > 𝑆op.
The PD TTC technique takes continuous high frequency measurements at varying 𝑆 values during each full cycle, on purpose
measuring how the potential is affected by plasticity and crack growth effects.

With standard PD, the increase in crack length per cycle 𝑑𝑎∕𝑑𝑁 is derived from the increase in potential. Measurements are
generally taken at only one time instance per cycle, often at 𝑆max at 𝑡 = 0.5. This means that the observed potential increase per
cycle is actually the peak to peak value of two successive cycles. A slightly more accurate determination of the potential increase per
cycle can be made using the PD TTC data, as the change in potential per cycle can now be properly observed as 𝑑𝜙∕𝑑𝑁 = 𝜙t=1−𝜙t=0,
which is directly related to 𝑑𝑎∕𝑑𝑁 .

Note that the energy dissipation in plasticity is significantly larger than the energy used to extend the crack. This means for
PD TTC that the maximum change in potential through the cycle, equal to 𝜙t=0.5 − 𝜙t=0, is orders of magnitude larger than the net
change between 𝜙t=1 and 𝜙t=0, as is evident from Figs. 9 and 12. Plasticity effects are thus visible using standard PD resolution in
this PD TTC setup. In theory, the crack extension within the cycle should be visible too in PD TTC data. However, the current setup
has insufficient resolution to do so. Improved resolution (several orders of magnitude) may be required to observe crack extension
directly.

6.3. Post-processing data set smoothing

The internal moving average smoothing cannot always provide sufficient relative scatter reduction, especially at PD TTC curves
below a certain small 𝑑𝑎∕𝑑𝑁 value. A second smoothing step can be performed on the full data set after the test. The chosen method
here is smoothing over several successive cycles, centered around a particular 𝑁 value.

This smoothing range cannot be chosen arbitrarily large, due to three reasons, illustrated in Fig. 19:

1. The relative PD signal scatter is larger at the lower end of the range. The arithmetic mean of the smoothing causes data
scatter at the lower end to have a more pronounced effect on the smoothed signal.

2. The monotonous increasing slope of the crack growth rate 𝑑𝑎∕𝑑𝑁 makes the higher end of the smoothing range have a
stronger effect on the mean or absolute or values of the smoothed PD TTC curve.

3. The growth of 𝑎 in this range causes the finite width effect to change the increase in plasticity, which affects the PD TTC
signal. This effect only becomes significant at large 𝑎∕𝑊 ratios near the end of the specimen life.
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Fig. 19. The three effects of data smoothing and averaging. One: relative scatter versus signal strength. Two: the larger end dominates the symmetric smoothing
range. Three: changes in plasticity due to the finite width effect cause the larger end to dominate too, a case unique for PD TTC over standard PD.

While reason 1 and 2 are inherent in data smoothing, and the finite width effect mentioned in reason 3 is always present in
fatigue tests, the effect of the latter on plasticity influences the PD TTC curve itself, which is unique to the PD TTC method.

To summarize, the main limitations are that in a given centered smoothing range the lower end increases the overall scatter,
while the higher end increases the absolute mean potential.

Based on post-processing of the tests mentioned in Table 1, good results can be obtained by smoothing data sets within certain
parameter limits. The ideal post-processing PD TTC curve smoothing needs to be performed on a small data range where:

• The change in 𝑑𝑎∕𝑑𝑁 values is sufficiently small (viz. a change up to several %).
• The 𝑎∕𝑊 ratio is sufficiently small (viz. 𝑎∕𝑊 < 0.125 such that the finite with correction factor 𝛽 < 1.05 ≈ 1).
• The 𝑑𝑎∕𝑑𝑁 values are such that the relative scatter (unsmoothed) is not too large (viz. up to several %).

The first and second requirement are test geometry and loading dependent, the third requirement is only geometry dependent.

7. Conclusions and recommendations

The extended potential drop (PD) measurement system, PD TTC, is capable of measuring the electric potential throughout a single
fatigue crack growth loading cycle, and doing so for many successive cycles. This results in the observation of potential changes
which are linked to several crack growth phenomena, such as the timing and magnitude of crack opening and crack closure stresses.
The following list summarizes the most important findings of using this PD TTC measurement technique:

1. The known effect of mechanical stress on the electrical resistance is observed in fatigue cycles, affecting the measured
potential through Pouillet’s law and Ohm’s law under assumption of constant current. Two main effects are observed, which
have opposite effects on the potential:

• The Poisson effect: the change of specimen geometry under load. 𝑆 ↑ ∝ 𝜙 ↑.
• Piezoresistivity: the strain dependency of the resistivity. 𝑆 ↑ ∝ 𝜙 ↓.

2. During crack growth, two other effects are observed which are subsets of the aforementioned main effects:

• Crack tip plasticity: changes in strain give a combined effect of the Poisson effect and piezoresistivity.
• Crack growth: the opening and closing of the crack influences the Poisson effect.

3. Crack tip plasticity and crack growth are readily apparent from a clear deviation of the potential curve around 𝑆max. A
plateau-like behavior is present at a certain critical cyclic energy level, above which excess energy is dissipated by growth
of the crack tip plastic zone and crack growth.

4. The effect of crack extension is several orders of magnitude smaller than plasticity effects, and is therefore not directly
observed in PD TTC data given the current measurement resolution. Nevertheless, the observable changes due to plasticity
can be correlated with start and end of the crack growth phase.

5. The start and end times 𝑡𝑆op
, 𝑡𝑆cl

of the plateau together with the loading spectrum can be used to derive true opening and
closure stresses 𝑆opphysand 𝑆clphys , with significantly larger accuracy and precision than existing methods such as COD.

The PD TTC method is novel way of measuring the opening and closing stress with greater insight and potentially improved
precision and accuracy over existing methods such as COD. The insights and improvements obtained with PD TTC can be useful in
reducing opening and closure stress related uncertainties in 𝛥𝐾eff similitude parameter models and other crack closure models.
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