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Abstract

Throughout its service life an aircraft is subjected to varying loads. Because of those
periodically appearing stresses, undesirable and irreversible changes in structure may occur. As
a consequence, cracks are formed, which reduce aircraft structural strength, significantly
affecting structural integrity. For that reason, intensive research works are carried out around the
world to develop innovative and reliable methods for detection of cracks initiation and
propagation. This paper presents two methods of crack detection. One of them uses wireless
polymer gages for determining deformation in a test region. The other one uses electrical, resistive
ladder sensors for detection of cracks and their length determination.
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1. INTRODUCTION

Currently, a big number of modern and innovative crack detection solutions are being

developed. Unfortunately, there is lack of verified data from reliable, autonomous R&D centers,
confirming efficiency of those approaches. For that reason, special preliminary laboratory studies
were conducted to verify the two selected measurement systems.
Laboratory tests on a fatigue-testing machine were performed to explore the reliability and
sensitivity of the DMI SR2 optical system along with the resistive ladder sensors for crack
detection. For this purpose appropriate specimens were prepared and examined under variable
loads until a visible fatigue crack occurred.

2. OPTICAL STRAIN MEASUREMENT USING POLYMER GAGES

An initial verification of the DMI SR2 system was carried out. The system, which is an optical
solution for determining deformation, also called direct strain measurement, is similar to the
digital image correlation method. The captured images of a specified specimen area (in the
unloaded and loaded state) are used to define the extent of deformation for a short line segment
visible on the specimen’s pattern.
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Figure 1. Components of optical strain measurement system

The DMI SR2 system utilizes a very unique pattern, which consists of a polymer gage
permanently bonded to the specimen’s surface. There is a precise geometrical pattern on each of
the gages, which is used to determine strain, and also for self-identification purpose within the rest
of the system. The gage is fitted to the structure using the same method that is used for foil strain
gages. The view of the gage is shown in Figure 2.
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Figure 2. Polymer gage coupon and characteristic edges

The polymer gage has 8 characteristic nodes (4 inner — Mi, Ni, Oi, Pi, and 4 outer — Mo, No,
Oo, Po), which gives 8 independent measurement line components. Gage deformation is
determined separately for each line element, using a sensor with a digital camera connected to
a PC equipped with dedicated software. By comparing strain values at different edges of the sensor
(on the parallel, opposing line segments) it is possible to detect cracks and determine the direction
of crack propagation.
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Figure 3. Non-uniform strain with equations
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The gage measures directly uniform (similarly to the 90° rosette foil strain gage) or non-
uniform deformations. Non-uniform or differential deformation of the opposing sides of the gage
indicates non-uniform plastic strain (fatigue) or a crack. The software algorithm calculates strain in

uStr using equations in Figure 3.

2.1. The conduct of testing and test results

Preliminary tests were conducted on two types of specimens using a fatigue test system. The
small, 3 mm fastener hole. The second specimen
was a flat element with an "omega" type stiffener, interconnected with the rivet seam. Both
specimens were made of PA7 aluminum, with dimensions H160xW50xT2 mm. The load was
applied at a frequency of 10 Hz. Measurements were conducted under two load values for each
the graphs, separately for the inner and outer

first one was a flat, rectangular specimen with a

polymer gage. The results were illustrated in
components of the gage.
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Figure 4. Test results for a flat specimen with a fastener hole under 5 kN and 9 kN axial load
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Figure 5. Test results for a flat specimen with a riveted joint under 5 kN and 10 kN axial load
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Test results are quite promising for both types of specimens. At the first stage of the test, strain
values for opposing edges of the polymer gage are similar. Black rectangles in the charts mark the
initial state in which the gages sense any anomalies around the fastener hole. A difference between
stain values grows because of a crack developing only on one side of the hole. The inner edges of
the gage respond faster than the outer ones due to a closer location to the hole. This fact confirms
the possibility of detecting fatigue fractures in the structure and determining their direction. On the
other hand, accuracy and stability of data increase as the load applied to the specimen grows.

3. CRACK DETECTION USING RESISTIVE LADDER SENSOR

Preliminary studies of electrical resistive ladder sensors were also conducted. The sensor’s

structure is similar to that of foil strain gauges. Differences in shape of the measuring grid,
designed as a parallel connection of thin conductive paths, can be noticed. The method of
integrating the sensor with the structure is identical to the one used for foil strain gauges.
When a crack opens under the sensor, a local deformation occurs and the foil with the paths is
gradually torn apart. This progressively stops electric conduction. The signal from the sensor
changes in accordance to Ohm’s Law. This way, by fitting such a sensitive element in a location
suspected of surface cracks and measuring its resistance, the possibility to detect and quantify
fatigue fracture arises. In the investigation, two sensor types were compared.
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Figure 6. Resistance characteristics of two types of resistive ladder sensor

To be able to perform measurements with the resistive ladder sensors, it was essential to
develop a special electronic circuit. As a data recorder, an appropriate 16-bit A/D converter card
was used, connected to a PC computer.
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Figure 7. Resistive ,ladder” sensor measurement system components
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3.1. The conduct of testing and test results

Preliminary tests were conducted on flat rectangular specimens with little notches on one edge
using a fatigue test system. Specimens were made of PA7 aluminum, with dimensions
H160xW50xT2 mm. The applied axial load was in the range of 7-12 kN, at the frequency of 10
Hz. The results were depicted in the graphs, separately for both types of ladder sensors (A and B),
for two test runs.
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Figure 8. Test results for type A and type B ladder sensor for two identical specimens

Test results confirmed that it is possible to detect and quantify fatigue cracks with both types of
ladder sensors. Some modifications in the signal conditioning unit are required, especially in gain
and filtering, to increase voltage resolution and range, as well as to purify measurements from
unwanted peaks and valleys. Stability and sensitivity of the sensor was satisfactory and the method
is suitable for real-time measurements.

4. CONCLUSIONS

In this work, preliminary bench verification of two crack detection methods was performed.

Both methods are capable of detecting fatigue cracks in the structure, although their principles of
operation differ substantially. Further experiments are essential to confirm repeatability, reliability
and accuracy of measurements on more complex structure areas.
Along with the collected data, the present preliminary verification study provided some practical
knowledge not only about potential future applications and types of measuring approaches (in-situ
or real time), but also about labor intensity of data post-processing as well as the field of fracture
detection. Table 1 summarizes these observations and compares the two presented crack detection
solutions.
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Table 1. Comparison of presented crack detection solutions

Optical polymer gage solution Resistive ladder solution
1. | permanently integrated with the structure | permanently integrated with the structure
2. | no wires, no power supply to the sensor needs additional wires for data and power
3. | no additional measurement circuit needs signal conditioning and A/D converter
4. | operator is needed for measurements no operator is needed for measurements
5. | access to a gage is essential access only during installation
6. | in-situ, off-line measurements real-time, on-line measurements
7. | need for baseline measure no need for baseline measure
8. | detects cracks and fatigue plastic strain detects crack and quantifies its length
9. | detection in the area near to the sensor detection of cracks under sensor
10. | labour-consuming post-processing easy post-processing
11. | Accuracy depends on the operator’s | accuracy depends on excitation voltage
experience stability and electronic circuit quality
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