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Abstract

Metals are widely used in various types of structural applications such as the automotive,
aerospace and construction industries. However, their service life is limited due to the
various loads they experience during operation. Specifically, cyclic loading can lead to the
early fatigue failure of these structures. Therefore, early detection of fatigue deformation is
essential to prevent catastrophic failures. In this study, an automated electrical resistance
data acquisition system was developed using LabVIEW to obtain measurements from a
Keithley 6221 current source for fatigue damage detection. The results showed an increase
in electrical resistivity after the application of cyclic loading. It was observed that electrical
resistivity increased after each set of loading cycles, with an average increase of 7.38%, a
stress level of 260 MPa (high-cycle fatigue), and a 6.5% increase after the application of
25,000 cycles at 165 MPa (low-cycle fatigue). Scanning Transmission Electron Microscopy
(S/TEM) was used for microstructural investigation as a proof of concept for the high-cycle
fatigue sample interrupted after 25,000 cycles to analyse the modification in dislocation
structures as well as a qualitative increment in the dislocation density with respect to the
initial microstructural state of the as-machined sample. Such a modification in dislocation
structures as well as an increment in dislocation density corroborates the findings proposed
by electrical resistivity measurement. The results demonstrated that electrical resistivity
measurement provides a promising non-destructive approach for the early detection of
fatigue damage in metallic materials.

Keywords: electrical resistivity; fatigue deformation; Keithley 6221; LabVIEW; data acqui-
sition; structural health monitoring; NDT

1. Introduction
Metals have been widely used for load bearing structural components in industries

such as automotive, marine and aerospace construction due to their specific mechanical
properties [1–5]. These structures are designed to withstand various types of loading;
however, their service life is limited due to the nature of the loading. Fatigue damage
accumulation is a crucial factor in structures subjected to cyclic loading and will eventually
lead to failure if not detected [3–6]. Detecting fatigue deformation is challenging, as
monitoring the fatigue deformation during its service is often difficult. Microstructural
characterisation can be one of the methods to investigate the fatigue deformation [7–14].
However, this investigation generally requires destructive material testing. Therefore,
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non-destructive test (NDT) methods could provide a suitable solution for detecting fatigue
deformation which could eventually prevent structural failures [15–19].

Among the available non-destructive techniques, electrical resistivity measurement
has attracted considerable attention because it is highly sensitive to microstructural evo-
lution associated with plastic deformation and fatigue damage [20–23]. Conventional
resistance-based fatigue measurements often depend on manual data acquisition and are
time consuming. An automated data acquisition system consumes less time, provides large
data collection and improves repeatability.

Electrical resistivity (ρ) is a material property that quantifies how strongly a material
opposes the flow of electric current. It is mathematically defined as

ρ = R
A
L

(1)

where R is the electrical resistance, A is the cross-sectional area of the conductor and L is
the length through which current flows.

Plastic deformation disrupts the crystal structure and generates defects including
dislocations, slip bands, voids and microcracks. These imperfections interfere with the free
flow of electrons, leading to an increase in the resistance and consequently the resistivity of
the material [20].

Nobile et al. used a four-probe electrical resistance measurement technique and
observed a rapid increase in electrical resistance in real time when carbon steel samples
reached 30% of the fatigue life [21]. The four-probe measurement technique is commonly
used in electrical resistivity investigations because it minimises the influence of contact
resistance and enables accurate determination of the intrinsic resistance of the specimen [21].

Saberi et al. measured the electrical resistivity of several alloys, including aluminium
6062, in situ during plastic deformation, and reported that the plastic deformation has
a significant influence on all the investigated alloys [22]. Sauer et al. investigated the
resistance-based fatigue damage of steels and observed that electrical resistance can serve
as a damage indicator, as it increases during fatigue due to microstructural changes [24].
Sun et al. observed that the microstructural defects increase the resistivity and reported
that the resistance measurements are sensitive to fatigue damage [23].

This work presents the development of an automated electrical resistance data acqui-
sition system using Keithley instruments integrated with LabVIEW software, based on the
four-probe resistance measurement technique to detect fatigue deformation. The system
integrates a Keithley 6221 AC/DC current source and a Keithley 2182A nanovoltmeter
through a LabVIEW-based control interface. It enables automatic acquisition of continuous,
high-resolution and repeatable electrical resistance measurements with minimal operator
intervention. Compared with conventional resistance measurements methods, the pro-
posed approach provides efficient and long-duration data acquisition. The sensitivity of
electrical resistance to fatigue induced microstructural evolution enables the proposed
system to detect damage accumulation at an early stage, prior to macroscopic failure.
Additionally, Scanning Transmission Electron Microscopy (S/TEM) was used to validate
the results through microstructural characterisation.

2. Materials and Methods
Aluminium 6082 alloy used in this study was commercially obtained in an as-extruded

form in T6-treated cylindrical bars with a diameter of 20 mm. The tested yield stress of the
material is 308 ± 2 MPa. The bars were then machined into fatigue test samples of 6 mm
gauge diameter and 20 mm gauge length. The fatigue tests were conducted in accordance
with ASTM E466. The dimensions of the sample are presented in Figure 1.
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Figure 1. Geometry and dimensions of 6 mm sample.

2.1. Fatigue Tests

Low-cycle fatigue (LCF) and high-cycle fatigue (HCF) tests were conducted to inves-
tigate the electrical resistivity to assess their sensitivity to deformation and dislocations
induced by cyclic loading. The LCF [25] and HCF [26] tests were conducted in steps to
evaluate the microstructural changes, while the present study investigated the electrical
resistivity evolution in steps. The samples were tested using the Instron 8801 fatigue
machine (Instron, Norwood, MA, USA) with a load capacity of 100 kN.

2.1.1. Low-Cycle Fatigue Tests

This test consists of two samples (Sample 1 and 2), which were subjected to a stress
level of 260 MPa with a stress ratio of −1 and a frequency of 15 Hz. The tests were paused
after total cycle counts of 100, 300, 800 and, 1800 and the electrical resistance was measured
at each pause.

2.1.2. High-Cycle Fatigue Tests

The second fatigue test was conducted on a single sample (Sample 3) subjected to a
stress level of 165 MPa with a stress ratio of −1 and a frequency of 15 Hz. The fatigue life of
the sample at 165 MPa was 192,851 cycles. The electrical resistance measurement was taken
after the application of 25,000 cycles. The microstructure of the sample was then investi-
gated using Thermo Scientific Talos F200i S-FEG S/TEM (Thermo Fisher Scientific/FEI,
Eindhoven, The Netherlands) to analyse the deformation induced by the application of
cyclic loading.

2.2. Electrical Resistivity and Data Acquisition
2.2.1. Keithley 6221 and 2182A

The Keithley 6221 (Keithley, Solon, OH, USA) is a precision current source designed
for applications requiring high stable current output with low current noise. The instru-
ment provides multiple communication interfaces including RS-232, Trigger Link, digital
input/output (I/O), GPIB (General Purpose Interface Bus), and Ethernet. It has an internal
memory capable of temporarily storing up to 65,000 data points. The Keithley 2182A is a
two-channel high-definition nanovoltmeter designed for low-voltage measurements. In this
study, the Keithley 6221 and 2182A were connected and operated via the RS-232 interface
and Trigger Link, which synchronises the current source with the nanovoltmeter [27].

2.2.2. Delta Mode

The Keithley 6221 provides a square-wave current output, alternating between positive
and negative current levels, a high current +1 mA and a low current −1 mA. The Keithley
2182A performs analogue-to-digital (A/D) conversion measurements at each high and
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low output level. The resistance value is calculated from the measured voltage difference
between the positive and negative current output according to Equation (2).

R =
V+I − V−I

2I
(2)

where R is the electrical resistivity of the specimen, V+I is the measured voltage when
positive current is applied, V−I is the measured voltage when the current polarity is
reversed and I is the magnitude of the applied current.

A three-point moving average algorithm is used to calculate Delta readings. As shown
in Figure 2, the first three A/D conversions from Keithley 2182A yield the initial Delta
reading. Each subsequent A/D conversion then produces a single Delta reading, with
each Delta reading calculated using the three preceding A/D measurements [27]. This
averaging approach reduces the measurement noise while maintaining a high acquisition
rate, making a Delta mode suitable for continuous monitoring of small resistance changes
during fatigue testing.

Figure 2. Delta mode measurements [27].

The system was configured to enable communication between the PC and the Keithley
6221 via the Ethernet interface using a LAN cable. The schematic diagram illustrates the
connections between Keithley 6221, 2182A, and the PC is shown in Figure 3.

Figure 3. Schematic connection between PC, Keithley 6221 and 2182A.
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LabVIEW (2024 Q3) software was installed on the PC along with National Instrument
(NI) components, including NI MAX (Measurement and Automation Explorer). The
connection between the Keithley 6221 and the PC was established via an Ethernet cable.

The communication settings are:
The instrument and computer IP: 169.254.216.130;
Subnet mask: 255.255.0.0.
The instrument’s IP address was configured with the PC’s network settings to establish

communication. A TCP/IP (Transmission Control Protocol/Internet Protocol) resource
was then created in NI MAX under Devices and Interfaces. The TCP/IP resource serves
as the standard communication protocol used by computers and instruments to exchange
data, enabling communication with the Keithley instrument via Ethernet (LAN). Once
communication is established, the resource appears as a VISA (Virtual Instrument Software
Architecture) resource name within the LabVIEW data acquisition program.

2.2.3. Data Acquisition Using LabVIEW Software

A data acquisition program was developed in LabVIEW to acquire resistance measure-
ments from the Keithley 6221. When connected to a sample and operated in Delta mode,
the Keithley 6221 temporarily stores the measured resistance values in its internal memory.
Upon pressing the “Run” button in the LabVIEW interface, the program communicates
with the instrument, stops further measurements, and transfers all stored values to the ac-
quisition program. For each sample, 600 resistance measurements were collected to ensure
consistency. The electrical resistivity was subsequently calculated using Equation (1).

2.2.4. Experimental Setup

A four-wire resistance measurement method was adapted to make electrical contacts
on the machined samples, as shown in Figure 4. The specimen was placed and secured
on a foam support to prevent movement during the measurement process. The support
also ensured that the probes were positioned at the same locations on each specimen.
Additionally, the probes were positioned at a fixed distance of 20 mm apart on each sample
to ensure measurement consistency. Sauer et al. discussed the influence of cyclic creep
on the geometry of steel samples [28]. However, the fatigue tests in the present study
were conducted at room temperature with no measurable temperature increase in the
material. Therefore, thermally activated creep is not expected to occur in aluminium at
these conditions [29,30]. Consequently, no significant dimensional changes are expected.
The diameter and gauge length of the sample were measured before the electrical resistance
measurement to ensure that the specimen dimensions had remained unchanged. Therefore,
the original specimen dimensions were used in the electrical resistivity calculations. The
voltage probes were connected across the gauge length of the sample, where most of the
deformation occurs during cyclic loading. Communication between Keithley 6221 and the
PC was established via LAN. The required measurement units (Ohms) were selected on
the instrument, and the Delta mode was enabled. The resistance measurement sequence
was then initiated using the Trigger function. The acquired data were then extracted using
the LabVIEW program.
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Figure 4. Experimental setup of electrical resistance measurements.

3. Results and Discussion
Initially, the electrical resistivities of the machined samples were determined. The ini-

tial electrical resistivity values of Samples 1, 2 and 3 were 3.37 × 10−8 Ωm, 3.35 × 10−8 Ωm
and 3.21 × 10−8 Ωm, respectively. Around 600 electrical resistance data points were ob-
tained using the LabVIEW software to determine the electrical resistivity of each sample.
Figure 5 shows the data acquisition interface of the LabVIEW program.

 

Figure 5. LabVIEW program interface of electrical resistance data acquisition.
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3.1. Electrical Resistivity Change at Low-Cycle Fatigue Tests

The electrical resistivity of the samples was determined after each interval of inter-
ruption at 100, 200, 500 and 1000 cycles until the sample failed. It was observed that the
electrical resistivity increased after every pause. The samples ultimately failed at 6315 and
5046 cycles, respectively. Table 1 presents the average electrical resistivity values after every
pause and Figure 6 shows the increase in resistivity before the failure. The standard errors
of the mean values shown in electrical resistivity calculations have been calculated using a
confidence interval level of 95% [31].

Table 1. Average electrical resistivity of the samples after every stop.

Total Number
of Cycles

Sample 1 Sample 2

Average
Electrical

Resistivity
(Ωm)

Standard Error
of the Mean

Average
Electrical

Resistivity
(Ωm)

Standard Error
of the Mean

As-Machined 3.37 × 10−8 6.14 × 10−10 3.35 × 10−8 7.31 × 10−10

100 Cycles 3.51 × 10−8 6.54 × 10−10 3.50 × 10−8 6.67 × 10−10

300 Cycles 3.58 × 10−8 6.59 × 10−10 3.57 × 10−8 6.25 × 10−10

800 Cycles 3.61 × 10−8 7.00 × 10−10 3.58 × 10−8 6.92 × 10−10

1800 Cycles 3.63 × 10−8 7.36 × 10−10 3.59 × 10−8 6.07 × 10−10

Failed at 6315 Cycles 5046 Cycles

Figure 6. Electrical resistivity increment after every stop.

It is evident from Table 1 and Figure 6 that electrical resistivity increased following the
application of cyclic loading. Ultimately, an increase of 7.58% and 7.17% was observed in
Samples 1 and 2, respectively. These results indicate that electrical resistivity measurements
can be used to detect deformation and dislocation accumulation induced by cyclic loading.
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Furthermore, the increase in electrical resistivity appears to be directly related to the level
of deformation in the material.

3.2. Electrical Resistivity Change at High-Cycle Fatigue Tests

The electrical resistivity of the sample increased to 3.42 × 10−8 Ωm after the application
of 25,000 cycles, as presented in Table 2. This represents an increase of 6.5% compared to the
initial electrical resistivity. A consistent resistivity evolution was observed in both LCF tests,
suggesting good measurement reliability despite the variability in individual readings.

Table 2. Average electrical resistivity of Sample 3.

Total Number of Cycles
Sample 3

Average Electrical
Resistivity (Ωm)

Standard Error of the
Mean

As-Machined 3.21 × 10−8 7.55 × 10−10

25,000 Cycles 3.42 × 10−8 7.24 × 10−10

3.3. S/TEM Analysis of Sample 3

Sample 3 was then analysed using S/TEM to investigate the microstructural changes
after the application of cyclic loading. Figure 7 shows a comparison of the microstructures
before and after the application of 25,000 fatigue cycles.

The as-machined sample, as shown in Figure 7a, indicates typical microstructural
features like intermetallic particles, precipitates (Mg2Si-based β′′ phase), and finally process-
induced dislocations, as published in several studies [7,11,12]. However, after 25,000 cycles
of fatigue in Sample 3, the microstructure evolves, as demonstrated in Figure 7b,c. Region
1 shows an extensive increment in dislocations with a higher density of tangles, indicating
the formation of dislocations owing to plastic deformation, as shown by Xiaoshan et al. for
another 6xxx series aluminium alloy [32].

Region 2 shows that the sub-grain boundary or low-angle grain boundary (LAGB)
is also observed, which is probably formed due to the arrangement of newly generated
dislocations. Slip lines can also be seen to be associated with the activation of multiple
slip systems; second particles are also observed to have entangled with dislocations, as
shown in Region 3 [32]. The aforementioned aspects imply microstructural evolution
in the direction of plastic deformation due to fatigue, which can be associated with the
increment in the electrical resistivity of samples (as in Table 2). Generally, it is understood
that electrical conductivity has a direct proportionality with defects like dislocation density,
slip bands owing to lattice distortion and increased resistance to the mean free path of
electrons, as published by Khangholi et al. [33].

The S/TEM characterisation in this work was primarily intended as qualitative evi-
dence to depict the microstructural evolution owing to fatigue deformation such as disloca-
tion tangles, low-angle grain boundaries or sub-grain boundary formation and interaction
between dislocations and second-phase particles, which are associated with the resistivity
increment. Quantitative characterisation (e.g., calculating dislocation density, dislocation
interactions with second-phase particles, and Geometrically Necessary Dislocations (GNDs)
using Kernel Average Misorientation (KAM) via EBSD analysis) adds significant scientific
value associated with individual microstructural features. However, it is beyond the scope
of this work and remains as a prospective investigation.
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Figure 7. High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM)
micrograph of (a) as-machined sample and (b,c) fatigued sample stopping at 25,000 cycles with zone
axis [110].

4. Conclusions
This study investigated the change in electrical resistivity of cyclically loaded samples

to detect fatigue deformation.

• An electrical resistance data acquisition method was developed using a Keithley cur-
rent source in combination with LabVIEW software. The resistance values of cyclically
deformed samples were acquired, and the corresponding electrical resistivities were
calculated.

• Low-cycle fatigue tests showed an increase in electrical resistivity with an increasing
number of loading cycles at a high stress level of 260 MPa. The fatigue samples
exhibited a final resistivity increase of 7.58% and 7.17%, respectively.

• High-cycle fatigue tests revealed an increase in electrical resistivity of 6.5% after the
application of 25,000 cycles at a stress level of 165 MPa.
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• Scanning Transmission Electron Microscopy-based microstructural characterisation
indicates that, after 25,000 cycles of fatigue, there is an increment in defects like dislo-
cation tangles, slip lines and interaction between dislocations with second particles,
sub-grain boundaries or low-angle grain boundaries in comparison to the initial state.
While quantitative microstructural evaluation remains out of scope for this work, the
presented qualitative evolution directly supports the trends observed in electrical
resistivity measurements.

The results of this study demonstrate that monitoring electrical resistivity can be
used as a non-destructive testing (NDT) method for detecting fatigue damage. While this
study focuses on the development of an automated system for electrical resistance data
acquisition, the developed approach provides a foundation for potential applications in
real-time structural health monitoring. The system can be adapted for different monitoring
scenarios with minor modifications, such as integrating additional sensors or combining it
with other NDT techniques.
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