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Abstract: Crack monitoring plays a great role in modern structural health monitoring, however, most of the conventional crack
inspections have disadvantages in terms of the accuracy, expense, reliability, durability and level of instrumentation required. Thus,
development of a simple and reliable crack inspection technique that allows continuous monitoring has been desired. In this paper,
electrical potential technique and modern surface technology are employed together to develop a new structural surface crack
monitoring method. A special crack monitoring coating sensor based on electrical potential technique was deposited on the hot spot of
the structure by modern surface technology. The sensor consists of three layers: the isolated layer, the sensing layer and the protective
layer. The isolated layer is prepared by anodic oxidation technology, the sensing layer is made of ion plated copper, and the protective
layer is made of silicone. The thickness of each layer is at micrometer magnitude. The electrical conductivity of the sensor is very stable,
and the fatigue performance of the specimen with or without coating sensor is nearly unchanged. The crack monitoring experiment
result shows that there are two sudden rises of the coating sensor electrical potential values, corresponding to different stages of the
crack initiation and propagation. Since the width of the surface coating sensor is only 0.5 mm, this crack monitoring sensor can detect
the propagation of cracks less than 0.5 mm long. The method proposed takes the simplicity of electrical potential technique and can
monitor surface crack of nearly all kinds of structures precisely. The results of this paper may form the basis of a new crack monitoring
system.
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Besides, most of the conventional crack inspections have

1 Introduction disadvantages in terms of the accuracy, expense, reliability,
durability and level of instrumentation required™”. Thus,

A serious problem of aged structures is crack the c?evelopment of a si@ple and rellia‘t?le inspection
propagation induced by fatigue loading or corrosion!. technique that allows continuous monitoring has been

Early crack detection is crucial to secure structural integrity desired . . . . . .

because a crack can eventually cause sudden catastrophic Among VaI'I.Ol.lS 1n§pect10n techniques aYallable,
failure of structures, which can cause considerable damages electr@alﬂz(l);]entlal technique has been.recently. paid .muf:h
both to life and property. Crack detection has been a.ttenqo.n - The gdvantage Otj th,ls Fechmqye Is 1ts
performed by several methods such as penetration dyeing, simplicity. Moreover, it coulld provide 1p §1tu sensing of the
x-raym, eddy current™, ultrasound and acoustic emission StI'llCtl:ll'e. It tak.es the electrical C9nduct1V1ty gt(;]the structur.e
(AE) metho ds!561 However, most of the conventional crack material as a direct damage sensing element-. An electric

) ) . . field exists in current carrying material. This electric field
inspections are usually performed during the downtime of ; . : , .
the structures”), so that crack propagation during the will change if a fatigue crack occurs. The crack’s location,

interval between periodical inspections can not be found shape and size may have dlffe?rent 1mpaf:ts on the. clectric

timely and may cause serious damages in the structure field, shown as different electrical potentials or resistances.

" As a result, it is possible to get the information about the
p g

crack by measuring the potential distribution in the current

carrying material before and after crack damage is
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complicated shapes. Besides, it is also difficult to use this
technique to detect cracks in nonconductive material
structures' "\

In order to overcome the above-mentioned shortcomings,
modern surface technology””!! is employed in this study. In
most cases, fatigue cracks initiate either at the surface or in
close proximity to the surface™. And the hotspot, where
cracks are easy to occur, can be obtained through
theoretical analysis. As a result, imagination can be made
that modern surface technology can be employed to prepare
a conductive coating sensor with certain shape on the
hotspot of the structural surface. When the cracks appear in
the structural surface, corresponding cracks will also occur
at the surface coating because of accompanying injuries!'®.
The occurrence of crack breaks the electrical contact in the
structure, which would lead to a change in the electrical
potential field around the damage zone. As a result, the
crack information can be obtained by analyzing the change
of the electrical resistance and/or potential of the
conductive surface coating sensor.

This paper mainly studies how to prepare a suitable
coating sensor on the hot spots of the structure surface
using modern surface technology, and how to monitor the
structural surface crack using this coating sensor. The
property of the surface coating sensor is stable, and the
information of the surface crack of the structure can be
obtained by analyzing the change of the resistance
(electrical potential) values of the surface coating sensor.
The fatigue performance of the specimen with or without
surface coating sensor is nearly unchanged.

2 Methodology

2.1 Materials

LY 12-CZ aluminum alloy plate specimen is employed as
the research object to validate the feasibility of this method.
The composition of LY 12-CZ aluminum alloy is as follows
(wt%): Cu 3.80—4.90%, Mg 1.20—1.80%, Fe<<0.50%, Si
<0.50%, Ni<0.10%, Zn<0.30%, impurity<<0.10% and
Al balance. The specimen dimension is shown in Fig. 1.
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Fig. 1. Specimen dimension

2.2 Surface coating sensor

As shown in Fig. 2, the surface coating sensor to be
made consists of three layers: the isolated layer, the sensing
layer and the protective layer. First of all, in order to make
sure that only the monitoring area on the specimen surface

is conductive, a nonconductive isolated layer is necessary,
so that it can space out the substrate and the sensing layer.
The sensing layer which is made of conductive materials
will be plated on the hot spots of the structural surface by
means of modern surface technology, so that the crack
propagation in substrate can be reflected by the variation of
the electrical conductivity of the sensing layer. The top
layer of the surface coating sensor is the protective layer
which is used to keep the durability of the coating sensor.
The thickness of each layer is only about several
micrometers.

Protective layer Coating sensor

Sensing layer |Isolated layer Substrate

Fig. 2. Schematic illustration of the surface coating sensor

The shape of the surface coating sensor is designed
according to the hot spots of the specimen, which is shown
in Fig. 3. The key point of this step is to guarantee the
durability of the coating sensor. Another point to be
emphasized is that the thickness of the coating sensor
should be suitable so that the damage of the coating sensor
would have a good agreement with the specimen substrate.

Fig. 3. Sketch of the surface coating sensor
2.3 Crack monitoring experiment

In order to validate the feasibility of this method in
structural crack monitoring, a set of fatigue crack
monitoring experiments based on electrical potential
technique will be performed. During the experiment, the
resistance (electrical potential) values of the surface coating
sensor will be recorded along with the crack propagation.
And the relationship between the resistance (electrical
potential) values of the coating sensor and the crack lengths
will be studied. The other task of the experiment is to find
out whether the crack monitoring coating sensor is attached
to the substrate firmly during the whole fatigue process. All
the specimens are not fatigue pre-cracked, so that the whole
process of the crack initiation and propagation during the
fatigue cycle can be examined.

3 Specimen Preparation

The main work of specimen preparation is to deposit the
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special crack-monitoring surface coating sensor on the
monitoring area (hot spots) of the specimen by means of
modern surface technology. There are three layers in the
coating sensor, so the process of the specimen preparation
mainly includes three steps, making the isolated layer, the
sensing layer and the protective layer, respectively.

Since the specimen is made of aluminum alloy
LY12-CZ, anodic oxidation technology®®! is applied to
prepare the nonconductive isolated layer. The composition
of the anodic oxidation solution is as follows (g/L): H,SO,
(d=1.84) 40~60, H;BO; 5~10, AI’" <20. Table 1 shows the
parameters of the anodic oxidation technology. Measuring
result shows that the thickness of this layer is about 10 pm.

Table 1. Anodic Oxidation Parameters
Temperature Direct current Current density Time horizon
7/°C voltage U/V D/(A+dm?) t/min
25~35 12~20 0.4~2.5 20~40

Fig. 4. Sketch of the ion plating technique

Table 2. Deposition parameters

Beam Ar Negative Deposition
Temperature . .
77°C current pressure bias time
/A P/Pa U/V t/min
<130 40~60 1.0~2.6 200 8~40

Ion plating technology® *! is an effective surface
coating technology widely used nowadays, which can plate
continuous, smooth and tight coating of high microhardness
and film-matrix strength on structural surface. So this
technique is employed in this paper to prepare the sensing
layer of the coating sensor. Copper is applied to make the
sensing layer in this study.

After polished, the substrates were ultrasonically cleaned
for 10 min in acetone. Then, the substrates were mounted
on the sample holder. For further cleaning the sample
surface to improve the adhesion of the coating to the
substrate, argon bombardment cleaning was carried out at
the bias voltage of 50 V in a vacuum of 2.4 Pa for
approximately 10 min. Finally, Cu coating of 4—8um was
deposited by the HCD process with an IPB30/30 ion
plating equipment shown in Fig. 4. Its effective deposition
space is @ 300 mm X300 mm. The thickness allowance of
the coatings is + 0.1 um in the effective deposition space.
The deposition parameters are summarized in Table 2.
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Common painting technology is employed here to
prepare the protective layer. Silicone is chosen as the
protective layer. The thickness of it is about 0.1 mm.

Finally, the specimen with surface coating sensor could
be obtained, as shown in Fig. 5. Here, the width of the main
part of the coating sensor is 0.5 mm, and the width of the
tail part is about 1 mm.

Width 0.5mm
7
Width 1.0mm
AT
Fig. 5. Specimen with surface coating sensor

Since the electrical conductivity of the surface coating
sensor is taken as the damage sensing element, the
durability of the coating sensor is really very important. Fig.
6 shows the variation of the resistance of the surface
coating sensors versus storage time. The thickness of the
sensing layer in specimen No.l and specimen No. 2 is
about 8um, while the thicknesses of specimen No. 3 and
specimen No. 4 are 6 um and 4 um, respectively. From Fig.
6, it can be seen that the characteristic of the surface
coating sensor is very stable.
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Fig. 6. Variation of the sensors resistance versus storage time

Three groups of specimen are employed to study the
effect of the coating sensor to the LY12-CZ substrate
fatigue performance. They are LY12-CZ specimen,
specimen after anodic oxidized and specimen after ion
plating, respectively. These experiments are carried out on
an EHF-EAS material testing machine in air and at room
temperature. The experimental parameters are set as
follows: R=0.01, /=30 Hz. The load times when the
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specimens ruptured are documented. Here, if the load times
exceed 100x10° while the specimen is still undamaged, the
experiment will be terminated.

Table 3 shows the fatigue performance research results
of that three group specimens. It can be seen that there are
no obviously differences between the LY12-CZ specimen
and LY12-CZ specimen with surface coating sensor. The
experimental results show a good agreement with the
results reported by WANG Jiru®. That is to say, the
surface technology applied in this paper is suitable.

Table 3. Fatigue performance research results
Load times N/ 10°
O-min /O-max
(MPa/MPa) LY12-CZ Specimen after Specimen after
specimen anodic oxidized ion plating
2/200 1.02 1.24 1.10
1.8/180 3.10 3.25 3.76
1.6 /160 2.81 2.94 2.58
1.3/130 >100 >100 >100

4 Crack monitoring experiment

After the specimen preparation, crack monitoring
experiment based on electrical potential technique could be
carried out. Fig. 7 shows the principle of this experiment, in
which R represents the resistance of the surface coating
sensor. The relationship between the electrical potential
values of the coating sensor and the crack lengths are
studied. The electrical potential values of the coating sensor
are recorded by a XY recorder, the precision of which is 1
mV. And the crack length is obtained by an optical
microscope, the precision of which is about 0.1 mm. The
constant direct current applied on the coating sensor is 0.5
mA. All the specimens are not fatigue pre-cracked, so that
the whole process of the crack initiation and propagation
during the fatigue cycle can be examined.

Fig. 7. Circuit diagram of crack monitoring experiment

4.1 Experimental procedures

The crack monitoring experiment is carried out on an
EHF-EAS material testing machine in air and at room
temperature, as shown in Fig. 8. The load error of the
EHF-EAS material testing machine is less than 1%.

Fig. 8. Crack monitoring experiment

Constant amplitude loading was applied in this
experiment. In order to save time, at the early stage of the
experiment when there was no crack occurred, the
experimental parameters were set as follows: loading
frequency f =5Hz , stress ratio R=0.03 , maximum
stress o, =80MPa. And when crack was observed during
the experiment, the experimental parameters were changed
as follows: loading frequency f = LHz , stress ratio R = 0.03,
maximum stress o,,, =60MPa  so that a good observation
of the crack propagation could be obtained.

During the experiment, the resistance (electrical potential)
values of the surface coating sensor were recorded along
with the crack propagation.

4.2 Results and analysis

The surface coating sensor after the crack monitoring
experiment is shown in Fig. 9, from which it can be seen
that there no delamination or desquamation exists in the
coating sensor. This means that during the whole process of
the crack initiation and propagation, the surface coating
sensor is integrated with the LY 12-CZ substrate firmly, and
the wear resistance of the coating sensor is very well.

Fig. 9. Surface coating sensor after crack monitoring

experiment

The variation of the electrical potential values of the
surface coating sensor versus the experiment time is shown
in Fig.10. It can be seen that the electrical potential values
of the surface coating sensor does change regularly along
with the structural crack propagation. There are two sudden
rises of the electrical potential values of the surface coating
sensor during the crack monitoring experiment. The first
one appears between point 4 and point B, and the other
appears between point C and point D. Visible fatigue crack
was found after point C.
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Fig. 10.

Variation of the resistance (electrical potential) values of
the surface coating sensor versus experiment time

In the early part of this curve before point 4 the electrical
potential value is nearly a constant, which presents that
there is no fatigue damage on the specimen. The first
sudden rise of the voltage values between point 4 and point
B must be caused by the plastic deformation of the structure,
although there are no cracks appear. And the other sudden
rise between point C and point D shows the variation of the
sensor resistance values during the crack initiation and
propagation, which could be observed through the optical
microscope. The last part of this curve shows the situation
after the crack grew across the surface coating sensor.

Since the width of the surface coating sensor is only 0.5
mm, this crack monitoring sensor can detect the
propagation of cracks less than 0.5 mm long. As a result, it
can be concluded that the information of the surface crack
of the specimen could be obtained from the resistance
(electrical potential) values recorded during the experiment,
which prove that it is feasible to monitor the fatigue crack
of the specimen by the method presented in this paper.

5 Conclusions

(1) A composite crack monitoring coating sensor
consisting of three layers can be prepared on the hot spots
of the LY12-CZ Aluminum alloy plate specimen using
modern surface technology.

(2) The electrical conductivity of the sensor is very stable,
and the fatigue performance of the LY 12-CZ specimen with
or without coating sensor is nearly unchanged.

(3) There are two sudden rises of the coating sensor
electrical potential values, corresponding to different stages
of the crack initiation and propagation.

(4) This crack monitoring sensor can detect the
propagation of cracks less than 0.5 mm long.
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