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BACKGROUND

Various methods are currently available to monitor crack initiation and/or crack growth in real time.  Each of these methods has inherent pros and cons associated with it, but unique applications sometimes require unique sensor capabilities or features.

This study performs a preliminary evaluation of a novel vacuum-based crack monitoring technology known as Comparative Vacuum Monitoring (CVMTM).  The sensor and system was informally evaluated during testing that was performed to grow natural cracks in engine compressor blades without the use of starter notches. 

The goal of this paper is to introduce an alternate tool for crack monitoring.

TYPICAL TECHNOLOGIES

Numerous technologies exist today to measure crack initiation and crack growth in real time.  A few of the more common methods are described below:

Crack Detection Gage (filament-type): Typically consists of a single strand of high-endurance alloy (figure 1).  A crack propagating beneath the gage will induce local fracture of the sensing strand and open the electrical circuit.  Some designs are suitable for curved surface applications.
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Figure 1. Typical crack detection gage1

Crack Propagation Gage (filament-type):  A multiple strand version of the crack detection gage (figure 2), but in this case, progression of a surface crack through the gage pattern causes successive open-circuiting of the strands, resulting in an increase in total resistance.  Different versions are available, but most are two inches or less in length, and consist of ~20 strands spaced from 0.010” – 0.080” apart.  Some designs are suitable for curved surface applications.
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Figure 2. Typical crack propagation gage1
Crack Detection Gage (foil-type): Thin layers of conductive material bonded to the area of interest and current is applied (figure 3).  As the monitored area cracks, the foil tears.  The tear changes the electrical resistance of the foil gage and the subsequent voltage change indicates the presence of a crack.  The area of interest must be small (5-100mm) and flat or near flat.  Changes in crack lengths as small as 5 microns can be measured. 
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Figure 3. Foil gage
Electro Potential Difference (EPD): Basically the same concept as a foil gage, except the current flows through the part being monitored rather than a foil, so the part must be conductive.  Test leads are soldered/brazed onto either side of the area of interest.  Changes in crack lengths as small as 10 microns can be measured. 
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Figure 4. EPD setup 

Other specialized and/or experimental techniques are also available, but are not discussed here.

This testing was conducted at the Structural Test Facility within AFRL/MLS.  At this facility, a significant amount of American Society for Testing and Materials (ASTM) materials properties testing is conducted, which requires crack growth monitoring rather than crack initiation detection.  As a result, foil gages and EPD are the primary crack monitoring technologies available at this facility.  The main drawback with these technologies is that crack initiation cannot be monitored unless the exact initiation site is known in advance.  In many cases, a starter notch is required to control the initiation site, so these methods are better suited for crack growth monitoring. 

Comparative Vacuum Monitoring (CVMTM) TECHNOLOGY DESCRIPTION

The basic principle of CVM is that a small volume under a steady-state vacuum is extremely sensitive to leakage, and the resulting change in vacuum level due to air ingress is measurable (figure 5).


[image: image5.wmf]Figure 5.  System schematic

The CVM sensors directly measure the crack.  There is no insulating medium, such as adhesives, through which the crack is detected.  This feature is a fail-safe property of the CVM technology.  CVM cannot produce a false positive if the crack passes below the sensor.
This method can detect crack initiation as small as 0.010”, and monitor crack growth in 0.020” intervals.  The area of interest may be large, and surface curvature is generally not a significant issue.  Sensors have been successfully manufactured to cover areas of 32 square inches and have been placed on complex curved surfaces with radii of approximately 0.100”.

SYSTEM DESCRIPTION2

The CVM technology is manufactured by Structural Monitoring Systems (SMS) and is available in three basic configurations, including a laboratory kit, an indexing switch (for measuring crack propagation rates), and a portable monitor for field applications.  

This particular test used the laboratory kit, which consists of a constant vacuum source (Kvac), flow sensing device (SIM), sensor(s), vacuum lines, and fittings (figure 6).
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Figure 6.  SMS vacuum-based crack monitoring system.

Installation of the sensor requires the surface to be chemically clean and free of sharp discontinuities (note: the sensors have been successfully installed on shot-peened and painted surfaces).  Surface preparation is generally achieved with an aerosol pre-cleaner and a low lint cloth. The sensor is manufactured with a pressure sensitive adhesive on the applied face and is installed in much the same way as a self-adhesive label.

The sensor is connected to the SIM then Kvac using the supplied vacuum lines and fittings.  The Kvac provides both the vacuum within the sensor and acts as the reference level for the relative pressure measurement

The SIM incorporates a very low conductance tube to produce a pressure differential between the sensing cavity and the constant vacuum source, for the relative pressure measurement.  This effectively slows the ability of the sensing cavity to equalize to the value of the constant vacuum source, allowing small changes in pressure to be measured.  Measurement is displayed as a pressure differential readout on the SIM face and digital data can be captured via the port on the SIM. 

The sensors are manufactured from a flexible polymer with channels molded into the applied surface (Figure 7). 

SMS can design and manufacture custom sensors to meet specific test requirements: complex shapes/contours and differing sensitivity requirements. Sensors may also be manufactured from a range of materials.
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Figure 7.  Typical sensors 

Once applied to the test coupon, the channels form galleries that are alternatively under vacuum or open to ambient pressure (Figure 8).  The channels should be oriented perpendicular to the expected crack growth direction. The spacing of the channels on the sensor defines the crack size detection limit.  The sensors used in this test had channels spaced at 0.020”.    


[image: image8.wmf] Figure 8.  Sensor manifolds

The measurement and detection of the change in differential pressure serves to indicate the presence of a flaw.  When a crack grows (Figure 9) long enough to either connect two adjacent channels (vacuum-to-ambient) in the sensor, or between a vacuum channel and an area open to ambient pressure (i.e., edge of sensor), there is a measurable change in the sensor’s vacuum level. The SIM accurately measures the resulting small pressure differential between the sensor and the reference vacuum in the Kvac.
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Figure 9. Crack growth beneath sensor.

Note that although the equipment used for this test was a standard laboratory kit with one SIM and one sensor per test coupon, up to 16 SIMs may be connected in a daisy chain arrangement to a single computer and Kvac.  Further, up to four sensors can be connected to a single SIM, allowing up to 64 sensors to be monitored in real time.  Specially written software allows data from all 16 SIMs to be displayed simultaneously, in real time, and stored to a database for future analysis.  SMS can supply vacuum and power manifolds to allow such a configuration to be easily set up.

Additionally, the SIM alarm system includes a normally open and normally closed relay output, as well as an analogue output, all of which may be used to automatically shut down an experiment.  

TEST DESCRIPTION

The goal of the test was to grow a through-thickness crack 0.020”-0.080” in length, starting at and oriented perpendicular to the trailing edge of the compressor blade.

After proper surface preparation, the sensor was applied to the area of interest (Figure 11) on the concave side of the blade.  
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Figure 11.  Blade with sensor installed

Once the blade was mounted into the test fixture, the test engineer loaded the blade on its convex side in three-point bending at its mid-span until a noticeable deflection was produced (figure 12).  The blades were then cyclically loaded at 10 Hz.  Every 10,000 cycles the load was increased by 10 pounds.
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Figures 12.  Three-point bend test setup.

Although the SMS system had an audible alarm, it was not effective over the background noise of the test lab.  An option to wire the SMS system into the test equipment to provide an automatic test interrupt was considered but was not practical for this particular test.  As a result, a test operator observing the digital readout on the SIM monitored the test.  The test was stopped when the system measured vacuum pressure differentials in excess of 200 Pa, an arbitrary value recommended by SMS.  

EVALUATION/PERFORMANCE
The evaluation performed was informal rather than statistical since the main thrust of this exercise was to generate natural cracks in engine blades, and resources were limited.

In total, six blades were tested.  Although the SMS system detected every crack generated by the testing, the unique experimental approach to grow cracks without a starter notch resulted in some unusable results.  Some blades were overloaded, and some exhibited crack growth that was too rapid to detect and stop before the crack grew beyond the desired limit.  Also, in some cases the sensors detected indications that did not appear to be visible cracks, but upon closer examination, were found to be microcracking (Figure 13).  Due to the finite number of test articles, some blades had to be retested with the load applied at different points along the trailing edge.  As a result, this introduced another variable that made load level determination even more challenging.  
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Figure 13.  Micro-cracking detected by SMS sensor (small divisions = 0.063”).

Testing resulted in two blades containing cracks in the desired range and in the desired region.  These cracks were verified with nondestructive inspection (NDI) including visual, eddy current, and fluorescent penetrant.  Figures 14 and 15 illustrate the cracks detected in these two blades.  No “false calls” occurred.  Based on these limited test results, the sensors proved the capability to detect cracks 0.045” and larger, and may also be sensitive enough to detect microcracking.  The reliability of the sensor could not be assessed due to the means used to generate cracking and the limited data.
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Figure 14.  Fluorescent penetrant indication of 0.077” crack on the sensor side (0.047” on opposite side).  Divisions = 0.063”.
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Figure 15.  Fluorescent penetrant indication of 0.045” crack on sensor side (0.020” on opposite side).  Divisions = 0.063”.

CURRENT STATUS OF CVM TECHNOLOGY

Since completion of this testing, SMS has made considerable progress.

For in-field use, a portable unit has been developed, with a beta version (PM3) released to several fleet operators for their feedback. Only the sensors and vacuum tubing are installed in an in-field application, which are light and inert. The vacuum unit, electronics and a hand held data logger are carried by a technician to the structure and plugged into a connection point at a convenient location.  Measurements take less than five minutes and the same sensitivity that is achieved in the laboratory is available for in-field installations.

Validation trials are underway or in negotiation to have the sensors installed on various flying aircraft with several military organizations world

wide.

A long-term environmental program is to be carried out in laboratories in Melbourne and at a tropical exposure unit in northeastern Australia. This will subject sensors to a wide variety of environmental conditions expected to be experienced in an on-aircraft installation, including the effects of exposure to temperature extremes and humidity, chemical exposure (eg salt water, transmission fluids and jet fuel) and exposure to UV radiation. On-aircraft sensors will be overcoated with a type-approved sealant to protect them from most forms of damage.

A Failure Modes and Effects Analysis (FMEA) has been produced to examine the possible risks associated with an on-aircraft installation.

The sensors and adhesives have been independently tested for pH and mobile ions. Sensors were found to be neutral with negligible levels of mobile ions, so should not react with any of the surfaces on which they are placed. 

The ability of the sensors to detect cracking through paint systems has been examined by the Royal Melbourne Institute of Technology (RMIT). The sensors were shown to be able to detect cracks through those miltary aircraft paint systems evaluated.  Note that in these particular tests, the paint coating also cracked.
The effect of long vacuum ducting has been examined thoroughly by SMS. The sensitivity of the sensor is governed by the gallery spacing, however the length of the tubing does have an effect on the measurement time. Vacuum ducting of less than 16 ft (5 m) is recommended, however testing to 100 ft (30 m) has been conducted.
SMS has also developed a laboratory system for measuring crack propagation. This system utilizes an indexing switch (LI-50) which is used in conjunction with crack propagation sensors to accurately measure and record crack initiation and the rate of crack growth. Such sensors have individual galleries that are connected to up to 50 input ports on the LI-50. As the crack grows it will sequentially breach the galleries, giving an accurate measure of the crack tip position. The unit is software driven and the data are displayed in real time either graphically or in a table.

CONCLUSIONS/RECOMMENDATIONS

The SMS system proved to be capable of detecting crack initiation.  Cracks as small as 0.045 inch were successfully detected during the AFRL/MLSA testing, using sensors with 0.020 inch spacing between vacuum channels.  Better results may have been attained under more controlled testing conditions and/or more precise sensor placement.  SMS produces sensors with spacing as small as 250 microns (0.010 inch) that may be able to detect cracks as small as 0.010 inch. 

In some instances, the SMS system may also detect microcracking that may or may not be desirable for a particular test.

The SMS system is user friendly.  Minimal surface preparation and setup time is required.  

If attempting to grow cracks to a specific size, it is important to control the loading so that the crack growth rate is not excessive.  Where crack length is critical, connection of the SIM to the test rigs automatic shutdown system is recommended as the test operator may not have enough time to react to stop the crack from growing beyond the desired size.

Air Force Research Laboratory/Systems Support Division’s experience was limited to the simplest version of the sensor, which contains two multi-channel manifolds.  This particular configuration is ideal for detecting surface crack initiation on nearly any material in a laboratory environment. Crack propagation sensors may be used to monitor crack growth in conjunction with an indexing switch (LI-50).

The SMS system provides an alternate means of surface crack initiation detection and crack growth monitoring for the laboratory environment.  The vacuum-based sensors are most similar in sensitivity and use to typical electronic crack detection and crack propagation gages, but this system may have more flexibility with sensor design and area coverage.  Complex surface curvatures and/or shapes are not an issue for the vacuum-based technology.   The system is applicable to nearly any material that has surface breaking flaws. 

The SMS vacuum-based system is not recommended for ASTM type testing where high resolution crack growth data is required.  Foil gages and EPD methods are orders of magnitude more sensitive. 

A potential application for the SMS system is on-aircraft crack initiation and crack growth monitoring.  However, completion of environmental testing and extensive on-aircraft evaluation of system configurations is recommended prior to this application.
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