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A crack monitoring technique is desired to ensure the safety and reliability of metallic structures. In the present study, a
conductive film sensor was presented to monitor structural cracks in metal structures in real-time based on the electrical
potential method. First, a Ti/TiN film sensor was prepared on the fatigue critical portion of a 2A12-T4 aluminum alloy
specimen by vacuum ion plating technology, which allows firm integration with the metal surface. A finite element
model (FEM) of the Ti/TiN film sensor was then constructed and the changes in the output of the sensor along with
corresponding changes in crack propagation were discussed. The results indicated that the Ti/TiN film sensor has high
sensitivity to cracks and it is feasible to monitor structural surface cracks using the sensor. Finally, crack monitoring
experiments were carried out based on the Ti/TiN film sensor. Experimental results showed that the output potential
curve of the Ti/TiN film sensor contained several regions, which corresponded to plastic deformation accumulation,
crack propagation, and sensor failure, respectively. Therefore, the information on the origination and propagation of
structural cracks can be gained through analyzing changes in slope of the output potential values of the Ti/TiN film
sensor with respect to time.
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1. INTRODUCTION

substrate by ion plating technology. In this way, the Ti/TiN
film sensor had a good bonding strength and an excellent
damage consistency with substrate.
In this paper, a suitable Ti/TiN conductive film sensor
with a specific shape was prepared on a metal structural
surface through a vacuum ion plating technique. The
output characteristics of the Ti/TiN film sensor were
studied through finite element simulation and analysis and
structural crack monitoring experiments were carried out to
verify the feasibility of monitoring crack growth with the
Ti/TiN film sensor.

Metal is the material most commonly used for loadcarrying structures. These structures are subjected to high
alternating stresses and impacts during their use, which
may cause fatigue crack growth and, ultimately, rupture
failure. Monitoring of fatigue crack damage may be the
most effective way to ensure service safety of metal
structures.
Several crack monitoring methods have recently been
presented [1 – 5]. However, in terms of precision,
reliability, economy, and durability, these techniques have
limitations [6, 7]. Therefore, it is increasingly urgent to
develop an effective structural crack monitoring technique.
In recent years, the electrical potential method has been
given a great deal of attention in the field of nondestructive testing and this may be due to its many
advantages, particularly the fact that it is based on a simple
principle. However, there are still certain issues in
monitoring crack by using electrical potential technique
directly [8]. Therefore, a new method, preparing
conductive film sensors on the surface of substrate and
measuring the changes in electrical information of sensor,
was developed for monitoring crack damage.
Most of film sensors for metal structure crack
monitoring in existing literatures [9 – 13] were combined
with substrate by various adhesives. This combination
method may hinder structural crack from accessing to film
sensors and may make the propagation direction of crack
in film sensor different from that in substrate [13]. Yet the
Ti/TiN film sensor in this paper was different. The Ti/TiN
film sensor was plated on the fatigue critical portion of

2. SENSOR PREPARATION
2.1. Materials
A 2A12-T4 aluminum alloy specimen with a center
bore was used in this study. The composition of the
specimen was as follows (wt.%): Cu 3.80 – 4.90 %,
Mg 1.20 – 1.80 %, Si  0.50 %, Fe  0.50 %, Zn  0.30 %,
Ni  0.10 %, impurity  0.10 %, and Al balance. The shape
and dimension of the specimen are shown in Fig. 1.

Fig. 1. Shape and dimensions of the specimen (units: mm)

2.2. Specimen pretreatment
Since the material of the specimen was 2A12-T4
aluminum alloy, the anodic oxidation process was used to
space out the substrate and the Ti/TiN conductive film.
The main process parameters are shown as Table 1.
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Table 1. Process parameters for anodic oxidation
Process conditions
H2SO4 [g/L]
H3BO3 [g/L]
Al3+ [g/L]
Temperature, °C
DC Voltage, V
Current Density, A/dm2
Time Horizon, min

propagates over it. As a crack propagates through the
substrate as well as the Ti/TiN film sensor, due to a
continuous reduction in conductive area of the Ti/TiN film,
there will be obvious variations of potential field, which
will be shown as fluctuation of electrical potential values.
Consequently, the information about structural crack can
be obtained through monitoring the changes in electrical
potential values of the Ti/TiN film sensor.
It follows from the sensing mechanism that a reliable
Ti/TiN film sensor should be able to maintain a steady
output of electrical potential difference at constant current
before application of load.
The electrical potential difference cross the Ti/TiN
film sensor was measured. The result of measurement
showed that the output of electrical potential difference (or
resistance) across Ti/TiN film sensor was very stable at a
constant DC current before application of load.

Parameters
40 – 50
5 – 10
< 15
25 – 30
10 – 20
0.4 – 2.5
30 – 60

2.3. Ti/TiN film preparation
Hollow cathode discharge deposition technology [14]
was applied in this study to deposit the conductive film and
Ti/TiN was used as the material for the conductive film.
After mechanical polishing, the specimens were
ultrasonically cleaned for approximately 5 min by
alternating between pure water and acetone. Specimens
were then set on a holder and argon ion bombardment was
performed at the bias voltage of 500 V in a vacuum of 2 Pa
for approximately 5 min to improve the binding force
between the film and the specimen. Finally, the Ti/TiN
film was deposited with IPB30/30 ion plating equipment.
Table 2 shows the deposition parameters of the vacuum ion
plating technology.
The deposited Ti/TiN film consists of two layers: the
Ti film layer and the TiN film layer. As the sensing
function layer at the top of the composite film, the TiN
film is used to monitor structural crack. As the transition
layer between substrate and the TiN film, the Ti film can
improve the bonding strength of the film-substrate
interface. The thickness of Ti/TiN film was controlled by
depositing parameters, mainly depositing time.
The specimen with the Ti/TiN film sensor is shown in
Fig. 2. It may be observed in Fig. 2 that the ring part of the
Ti/TiN film sensor is 0.5 mm wide, and the lead wire is
1 mm wide.
Width 0.5mm

3. FINITE ELEMENT SIMULATION
A finite element model (FEM) of the Ti/TiN film
sensor was constructed to verify the feasibility of
monitoring cracks using this technique. Cracks propagating
from 0 mm to 0.4 mm in length were simulated using
FEM.

3.1. Finite element model of the sensor
The geometric model of the Ti/TiN film sensor is
shown in Fig. 3. The outside diameter of the sensor was
5 mm and the inside diameter was 4 mm. There were
symmetrical cracks on both sides of the model.

Width 1.0mm

Fig. 3. Geometric model of the sensor

Since the thickness of the Ti/TiN film sensor is only
several microns, a two-dimensional FEM was constructed
to study the output characteristics of the Ti/TiN film
sensor. As the preparation technique of the Ti/TiN film
sensor was HCD, the sensor was considered to be an
isotropic material in this study and the resistivity was
defined as 0.089 Ωm. PLANE230 elements were used to
mesh the whole model. This is an electric element type
which is 2-D and contains 8 nodes. As shown in Fig. 4, the
model was meshed and the crack-tip elements were refined
to ensure precision in the calculations.

Fig. 2. Ti/TiN film sensor obtained on the specimen

2.4. Characterization of Ti/TiN film
The hypothetical sensing mechanism of the Ti/TiN
film sensor is as follow. If the Ti/TiN film sensor is
integrated with substrate firmly, the interaction at the
interface would cause consistent damage to the film when
damage occurs in substrate; that is to say, the Ti/TiN film
sensor develops crack in correspondence and
synchronously as structural crack initiates and gradually
Table 2. Process parameters for the deposition of the conductive film
Bombardment cleaning
Bombardment Bias, V
Ar partial pressure, Pa
Time, min
Temperature, °C

Parameters
550 – 600
0.4
5 – 10
200

Ti Deposition
Substrate bias, V
Beam current, A
Time, min
Temperature, °C
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Parameters
200 – 250
40 – 60
20 – 30
200

TiN Deposition
Substrate bias, V
Beam current, A
Time, min
N2 partial pressure, Pa

Parameters
150 – 200
50 – 80
10 – 60
0.133

It may be observed that the distributions of electric
potentials are altered at the crack-tip. The output
characteristics of the sensor with crack lengths of 0, 0.1,
0.2, 0.3, and 0.4 mm were determined by the FEM. The
electric potential changes of the point D with crack
propagation are shown in Fig. 6. It may be observed in
Fig. 6 that the potential at point D increases gradually
along with the increase of the crack length. Therefore, the
sensor can be used to effectively monitor crack origination
and propagation.

Fig. 4. Finite element model of the Ti/TiN film sensor

The point D was set to be the input point of the 1A DC
current, the point C was set to be the output point of the
DC current, and the point C was defined as a point of zero
electric potential. A steady state analysis was performed.
Finally, the electric potential at the point D was acquired in
the post-processing stage.
The point D was set to be the input point of the 1A DC
current, the point C was set to be the output point of the
DC current, and the point C was defined as a point of zero
electric potential. A steady state analysis was performed.
Finally, the electric potential at the point D was acquired in
the post-processing stage.

4. CRACK MONITORING EXPERIMENT
A crack monitoring experiment was carried out with
the Ti/TiN film sensor and correlations between the output
values of the Ti/TiN film sensor and the length of the
fatigue crack were studied in this experiment. A schematic
illustration of the crack monitoring circuit is shown in
Fig. 7, in which R is a symbol of the resistance of the
Ti/TiN film sensor, and the constant voltage power with
the slide rheostat can be considered as a constant direct
current power. During the experiment, the ART USB2828
data acquisition card and the VICTOR86B digital
multimeter were used to record the output data of the
Ti/TiN film sensor along with the crack propagation. An
optical microscope (resolution: 0.1 mm) was used to
observe the crack length.

3.2. Output characteristics of the sensor
The distributions of electric potential were acquired in
post-processing through simulation analyses when the
crack length was 0 mm and 0.4 mm respectively, which is
shown in Fig. 5.

Fig. 7. Schematic of the crack monitoring circuit
a – L = 0 mm

4.1. Experimental details
The scene of the crack monitoring experiment is
shown in Fig. 8. EHF-EA5 materials testing system (load
error less than 1 %) was used to load specimens in air.

b – L = 0.4 mm
Fig. 5. Potential distribution maps of the sensor with different
crack lengths

Fig. 8. Scene of the crack monitoring experiment

The experiment was carried out under constant
amplitude loading with the following parameters of cyclic
loading: stress ratio R = 0.05 and loading frequency
f = 10 Hz. In order to perform a full observation of crack
propagation and in order to shorten the experimental time,
the maximum stress was set to different values at different

Fig. 6. Variation of the electric potential difference along with
crack propagation
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experimental stages. First, the maximum stress was
60 MPa at the beginning of the experiment. The maximum
stress was then reduced to 50 MPa after the initiation of
plastic deformation. Finally, the maximum stress was
reduced to 40 MPa after a structural fatigue crack was
observed.

crack monitoring is very similar to that shown in the [10]
and [15].
It can be concluded that information on the structural
crack origination and propagation can be obtained through
studying the output characteristic of the Ti/TiN film sensor
and it is feasible to monitor cracks in metal structures
based on the electrical potential method with a Ti/TiN film
sensor.

4.2. Results and discussion
The morphology of the Ti/TiN film sensor after the
fatigue crack monitoring experiment is shown in Fig. 9. It
may be observed in Fig. 9 that there was no phenomenon
of discontinuity or desquamation on the fractured Ti/TiN
film sensor. This indicates that the Ti/TiN film sensor was
integrated with the 2A12-T4 substrate firmly during the
whole experiment and the Ti/TiN film sensor exhibited
good damage consistency with the substrate, which is the
precondition and basis of monitoring structural crack by
this method [8].

Fig. 10. Variation of the potential values of the Ti/TiN film
sensor along with time

5. CONCLUSIONS
1.

2.
Fig. 9. Morphology of the Ti/TiN sensor after fracture

The changes in the output values of the Ti/TiN film
sensor along with the experiment time course is shown in
Fig. 10. It may be observed in Fig. 10 that the output
values of the Ti/TiN film sensor were proportional to the
development process of the fatigue crack damage.
At the beginning of the curve in Fig. 10, the electric
potential increases linearly before point A. It is likely the
result of the resistance strain effect of the Ti/TiN film
sensor and corresponds to the result of the [13]. In the next
part of this curve, there are two regions where the electric
potential increases rapidly, which show good agreement
with the results of [7] and [15]. The first starts at point A
and the second starts at point C. The first rapid rise of the
electric potential may correspond to plastic deformation
accumulation of the specimen because the core hole of the
specimen became oval at point B during the crack
monitoring experiment. The second rapid rise of the
potential values may correspond to the resistance increase
of the sensor along with the crack origination and
propagation because the crack origination was observed at
point C with the optical microscope during the crack
monitoring experiment. In the last part of the curve, the
potential values of the sensor suddenly decrease. This
sudden decrease may correspond to a gradual failure of the
connection between the film sensor and aluminum alloy
substrates because a cross-running crack was observed on
the Ti/TiN film sensor at that time. The total change trend
of the Ti/TiN film sensor output during the process of

3.

A Ti/TiN film sensor was prepared on the fatigue
critical part of a 2A12-T4 aluminum alloy specimen
by ion plating technology and the sensor firmly
integrated with the substrate.
A FEM of the Ti/TiN film sensor was constructed and
the FEM simulation confirmed that the Ti/TiN film
sensor is sensitive to the growth of a crack and that it
is feasible to monitor the surface crack using the
sensor.
Results of a crack monitoring experiment showed that
structural crack origination and propagation can be
monitored by analyzing changes in slope of the output
values of the sensor with respect to time.
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