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ABSTRACT

The repeated use and limited lifetime of a composite tiring vessel compel a need to survey
techniques for monitoring the structural integrity of the vessel in order to determine when it
should be retired. Various nondestructive techniques were researched and evaluated based on
their applicability to the vessel. The methods were visual inspection, liquid penetrant testing,
magnetic particle testing, surface mounted strain gauges, thermaf inspection, acoustic emission,
ultrasonic testing, radiography, eddy current testing, and embedded fiber optic sensors. It was
determined that embedded fiber optic sensor is the most promising technique due to their ab]lity
to be embedded within layers of composites and their immunity to electromagnetic interference.

last revised 8/9/00 ii



Nondestructive Technique Survey for Assessing
Integrity of Composite Firing Vessel

BACKGROUND

Contained firing vessels protect radiographic lines of sight and diagnostic instrumentation
from blast and shrapnel during explosive testing. They also protect the environment from
potentiaf toxic debris contamination. These vessels arc typically made of steel with defined
numbers of lines of sight. However, a composite vessel offers several addhional advantages. A
composite vessel possesses greater strength to weight and stiffness to weight characteristics than
a steel vessel, and its low density ~rmits radiography through the vessel wall. This windowless
feature aflows unlimited number of radiographic lines of sight and reduces the chance of leakage
through the vessel.

At Lawrence Liverrnorc Nationaf Laboratory, a composite fting vessel is beksg designed
to support scveraf advanced radiography projects. This windowless, spherical vessel is two
meters in dhrseter and wrapped with four inches thick of Kevlar 49 over an aluminum shell
(Figure 1). Generally, the afurninum shell (Figure 2) is the sealing member that prevents leakage
through the vessel, while the Kevlar acts as a load-bearing, structural member.

Figure 1. Half scale prototype of vessel Figure 2. Aluminum shell of half scale prototype
with Kevlar ovenvrap

Since the composite firing vessel could be used repeatedly, it is very important to monitor
the structural integrity of the vessel in order to determine when it should be retired. The vessel
can fail due to fatigue or fracture in the aluminum liner or severaf damage mechanisms in the

1ss(revised: W9mo 1



accepted and understood. Composites, such as Kevlar, present more of a problem because of
their numerous damage mechanisms and failure modes. When composites are Ioaded, three
basic damages can occur - matrix cracking, delamination, and fiber breakage. Of the three
mechanisms, fiber breakage is the most damaging. Darnage growth in composites also differs
from those in homogeneousmaterials. When damage exists in a homogeneousmaterial, increasing
the load will most likely cause the existing damage to increase. However, for composites,
darnage tends to relieve stress in the surrounding area, so that the next crack will usually appear
somewhere else. Thk phenomenon makes it more difficult to predict damaged areas in
composites. Larger cracks are produced when these microcracks accumulate in a common area
[26]. Much research has been done on diagnostic methods for static loading of composites, but
diagnostic methods for dynamic loading are less mature. Therefore, there is a need to survey
applicable techniques for inspection of composites. Since the exact fadure mechanism cannot
be known without testing the vessel, thk survey will help narrow down the number of options.

SURVEY OF TECHNIQUES

A survey of different nondestructive techniques is presented – visual inspection, liquid
pcnetrant testing, magnetic particle testing, surface mounted strain gauges, thermal inspection,
acoustic emission, ultrasonic testing, radiography, eddy current testing, and embedded fiber optic
sensors. While this is far from a complete listing, it covers most of the primary nondestructive
technologies available today. Visual inspection, liquid penetrant testing, and magnetic particle
testing are primarily used to detect surface flaws. Techniques such as thermography and
acoustic emission are considered global techniques because they enable large structures to be
inspected very rapidly. However, localized techniques such as ultrasonic testing, radiography,
and eddy current, offer hlgber resolution and are better for characterizing defects [16]. For more
complex applications, multiple techniques are often used to effectively and efficiently monitor
the structure.

A chart listing each technique and its primary advantages and limitations is presented in
Table 1 followed by a detailed discussion of each technique.

last revised: 8/9KUl
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METHOD ADVANTAGES LIMITATIONS

;rrrface mounted strain gauges ● apply to afl materials ● only make surface
● real-time measurements measurements

. subject to electrical shot
noise

Visual Inspection ● simplest method . defects must be visible
Liquid Penetrant ● applies to almost any ● defects must be opened to

shapclsize surface
● simple process

Thermal Inspection . quick way to inspect large ● sensitivity decreases with
structures depth of surface

Ultrasonic Testing ● can penetrate thick ● require coupling
materials ● limited by test object

● can be automated geometry
Acoustic Emission . can monitor entire system ● cannot determine size of

at once defects
● can provide information on ● system can be too sensitive

possible lccations of defects
Radiography . can inspect wide range of ● cracks must be parallel to x

materialhhicknesses ray beam
● expensive equipment

Embedded fiber optic sensors ● reaf-time measurements . caution with imbeddlng
● insensitive to process

electromagnetic . can’t be repaired
interference ● immature/developing

● can be embedded into technique
structure throughout the
thickness; compatible with
composites

Eddy Current ● sensitive to small . limited to electrically
dkconlinuities conductive material

. can be automated . low penetration

Magnetic Particle Testing ● sensitive to both surface ● apply only to ferromagnetic
and near surface flaws materials

Table 1. Primary advantages and limitations of nondestructive techniques. Eddy current and
magnetic particle testing are not applicable for most composites.

last revised: 8/9/03 3
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?Zwal Inspection

vkwd inspection is the easiest method to implement. It can be done with the unaided
human eye or with the aide of magnification loupes or dye penetrants. Both the outer surface
and the inside of the liner can be visually inspeeted for defects [18]. The primary drawback to
visual inspection is that only visible flaws can be deteeted. Even detection of surface defects can
be limited by one’s visurd access to the test object [3]. There may not he any obvious visual
signs if the composite has been weakened due to broken fibers or delamination [18]. Therefore,
visual inspection alone is inadequate for assessing the integrity of the vessel.

LiguidPenetmnt [1,3,4,6,7, 121

Liquid penetrant testing
is an offshoot of visual
inspection. It can be used to
inspect all nonporous,
nonabsorbing materials. Thk
technique is generally
developed for homogeneous
materials, such as metals, but it
cart also be applied to
composites. A penetrant,
usually liquid but may be
gaseous, is applied to the
surface of the test obiect and

I

drawn into the cracks by
catrillan action. There ~ Figure 3. Liquid penetrant testing applied to a surface crack [8]

tw-ocltises of pcnetrant -
visible, which can be
examined in ordhry white light, and fluorescent, which requites the excitation by ultraviolet
radiation. Fluorescent penetrant is better for detceting small discontinuities. Selection of
penetrant type should be based on several criteria-~ of surface being inspeetcd, processing to
be used, sensitivity desired, and roughness or porosity of the surface. There is ~SO the
possibility of the solvent reacting with the composite material. The developer, which can be a
dry powder or an aqueous solution, then draws the pcnetrant out of the cracks and creates a
contrasting background for inspection. Different types of lighting, such as white light or
ultraviolet light, can be used to inspect the sutiaee for defmts. Dcf=ts ~ evident by the
increase in brilliance of the fluorescent dye or by contrast to the background for the visible dye
(Pigure 3).

The advantages of liquid penetrant testing are similar to those of visual inspetion. It is a
simple tccbnique that does not require expensive materkd or equipment. It Cm be applied to
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objects of almost any shape, size or geometry. Penetrant testing is also en extremely sensitive
tectilque. It can detect rnicroeracks as smell as 1 micron in width [12].

Major limitations of liquid penetrant testing are that it can otdy detect flaws that ate
opened to the surface and not able to determine the depth of discontinuities. Access to the object
is required for the application of penetrant end developr as well as surface cleaning. Many
factors, such as surface cleanliness, temperature of the object, penetmnt and object compatibility,
and time the developer remains in the object, can affect the accuracy of the results. When
inspecting the surface, one must be aware of false indications caused by incomplete removal of
excess penetrent or surface contamination, and irrelevant indications caused by factors such as
geometric sharpness of the object. Due to the multiple steps in the prcwedur’c,long processing
time is required. It is also dlftlcult to produce a permanent record with liquid penetrant testing.

There does not appear to be a need to apply liquid penetrant testing to the vessel. Surf=
cracks will develop in the epoxy material, but they are not necessarily indicative of the damage
or integrity of the filament wound fiber. Sensitivity is not too important since small cracks are
not damaging enough to cause the vessel to be retired. For large surface cracks, visual inspection
might suffice.

Magneti Particle Testing [3,5,6,8, 12]

Magnetic particle testing utilizes
the accumulation of magnetic powder to
indicate flaws in a structure. The
underlying concept of magnetic particle
testing is that when a bar magnet is
cracked or broken, each broken piece will
act as a separate magnet, possessing its
own dktinctive north and south poles.
This phenomenon creates a magnetic
leakage field consisted of dktortcd
magnetic lines of force to the cracks
(Figure 4).

Figure 4. Magnetic leakage field around
surface crack (C) [5]

Magnetic particle testing can only be applied to ferromagnetic materiels. Even though it
is mostly used for detecting dkcontinuities that are opened to the surface, it can also detect
dkcontinuities that are slightly below the surface. Generally, the maximum depth below the
surface at which flaws can still be detected is about 1.5 mm [5]. Shaped, angular dkcontinuitia
arc USUeIIYmore easily located than round, sw~ined ones. Magnetic P@icle testing CSII
detect cracks up to 0.5 mm in length [6].

last revised S/9mo 5



When performing magnetic particle testing, the
surface must be prepared by removing rdl the grease and dust.
The object is then magnetized by inducing a current through
it. The defect is best revealed if it is oriented parallel to the
current. Alternating current (AC) magnetization is most
effective for surface defects, and dkect current (DC)
magnetization is required for subsurface defects. Magnetic
particles are then applied over the surface of the object. The
magnetic leakage fields arc outlined when these particles arc
drawn to the cracks (Figure 5). Different lighting might be
reouired for inspection of flaws on the surface of the object.
l%> final step ii demagnetizing the object. Figure 5. Magnetic particle indicates

cracks on steel bearing [5]

There are two classes of magnetic particles - wet and dry. Wet particles are best for
detecting fine surface cracks, such as fatigue cracks. Their mobility enables them to cover large,
irregularly shaped objects fairly easily and quickly. Concentration can easily be controlled, and
these particles can be recovered and reused. They can also be used for automated testing. The
disadvantages of wet particles are that they me messy and cannot detect cracks that are located
beneath the surface. On the other hand, dry particles are excellent for locating defects beneath
the surface. This method is much cleaner than the wet method and can be easily used with
portable equipment. However, they arc not as sensitive to small defects. It is also dlfflcult for
them to completely cover entire surfaces, especially for large and irregularly shaped objects. The
process is much slower, and it is difficult to incorporate them into automated systems.

Magnetic particle testing is a cost-effective method for detecting near surface and surface
flaws. However, it requires a clean and relatively smooth surface. There maybe some
difficulties in demagnetizing the object afterwards. The biggest limitation to thk method is that
it cart only be applied to ferromagnetic materials, which Kevlar and ahurrinum are not.
Therefore, magnetic particle testing is not a suitable tectilque for inspecting the shell composite
firing vessel, but may be applicable to the ferros end plugs and the clamps of the vessel.

Su~ace mounted strain gauges [2, 12,201

Bonded resistance strain gauges measure the deformation of an object based on the
changes in the electrical resistances of the conductor attached to it. The basic configuration of a
strain gauge is shown in Figure 6. When an object is deformed, the strain in the object is
transmitted to the grid through the adhesive. Thk modifies the cross scctiond area of the wire,
which changes its resistance. The rcsistmm is then measured by a Wheatstone bridge circuit
(Figure 7).

last revised 8/9iO0 6
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Figure 6. Basic strain gauge configuration Figure 7. Wheatstone Bridge Circuit [21]

When there is no resistance in the wire, a zero output voltage indicates a balanced bridge circuit.
However, when the resistance of the wire changes, the bridge becomes unbalanced, and en
output voltage results. TMs output voltage is then converted to strain measurements using the
equation

Strain = (~ Rg)/GF (1)

where Rg = strain gauge resistmce
GF = gauge factor (also strain sensitivity)

For the testing of the half
scale prototype of the composite
frrirrg vessel, surface mounted strain
gauges arc used to monitor the
vessel. Strain gauges, pressure
transducers, end temperature sensors
arc mounted on the surface of the
aluminum liner (Figure 8) end the
Kevlar overwrap (F@re 1). The
instrumentation measures the blest
effects end overall structural
response of the vessel. These strain
gauges arc placed in locations of
highest anticipated strains
determined by computer modeling
of the vessel response.

Figure 8. Bonded resistance strain gauges and
temperature sensors installed on aluminum liner
of half scale prototype

lastrevised S/9mo 7



One of the advantages of surface mounted strain gauges is their ability to perform
measurements on all types of materials. They are lightweight, small in size, although gauge
lengihs from 0.008 in. to 4 in. are available, and come in different shapes and sizes [20]. They

generally achieve accuracy within +/- O. 10% and can measure strain to 1 micron per meter[12,

20]. For the prototype vessel, the strain limit for the gauges on the liner is approximately +/-20%
and +/- 3’%0for the gauges on the composite. Strain gauges offer simple data interpretation as
well as real-time measurements. Both static and dynamic strain can be measured with these
gauges. An added benefit is that this technique is a reliable and well-understood method that has
been around for a long time.

Despite their advantages, surface mounted strain gauges are inadequate for assessing the
integrity of the vessel. The major disadvrmtage is that they can only measure surface strain.
Since the strain gauge is directly applied over the resin, the gauge only measures the strain
experienced by the resin. Ideally, the resin should experience the same strain as the fiber, but
that is not always the case. Degradation of the bond, temperature influences, and matrix cracks,
can lead to erroneous measurements [20]. Another problem is that since the fiber layers arc 4
inches thick, the fiber on the surface may experience different strain from the fiber on the bottom
layers. Sub-surface fibers cannot be monitored with surface-mounted strain gauges. Another
limitation is its inability to detect fiber breakage or delamination unless the gauge rests directly
above the defect location. Computer models are currently used to predict the areas of highest
anticipated strain. However, there is no way of detecting damage in areas that strain gauges are
not installed on, which can be devastating if these models are incorrect. Bonded resistance strain
gauges are also subject to electrical shot noise. Fhnlly, these gauges are permanently bonded to
the test object, which makes the ones that are bonded on the aluminum liner irreplaceable if they
are destroyed.

Thermography [1, 3,4,9, 11, 12, 16]

Therrnaf inspection uses heat-sensing devices to measure the temperature or thermal
gradient of an object when it is heated or couled. Research is currently being done using this
relatively new method to monitor the structural integrity of aerospace and marine structures [22,
23]. Thermal inspection operates on the principle that defects vary the thermrd profile of
structures. When an entire surface is heated, the temperature above a defect will rise more
rapidly because there is less mass to store the heat. On the other hand, when an entire surface is
cooled, the area over the defect will cool faster. A region with a defect has a lower thermaf
impedance than an undamaged area, whale a dkbonded region has a higher thermaf impedance
than an undamaged area. Therefore, it is possible to locate areas of defects and disbands by
observing the thermal image of a structure.

Thermography, a type of thermal inspection, is the mapping of contours of equal
temperature over a surface. First of all, heal. is uniformly applied to au object using external or
internal means. External application of heat includes radiation, using heat lamps or lasers,

lastrevised:8/9/00 8



convection, using blowers or ovens, and convection, using contact hot plates. fntemal methods
consist of converting electrical, magnetic, mechanical, or chemical energy into heat. Next, an
infrared camera is used to map locations of hot spots. The sensitivity of infrared cameras is
typically from 0.1 to 0.5”C, and the temperature range is –20 to 1500°C [19]. Defects on the
object are identified by comparing the gradient to pre-established standards.

Thermography is most effective in inspecting thin, isotropic materials with high thermal
conductivity through the thickness of the material and low conductivity in the plane directions.
Graphite/epoxy is highly anisotropic; in which case, the thermal image may become
unrecognizable given a sufficient number of :plies [11]. For the same reason, Kevlar is also
poorly adapted for thermal imaging [16].

Thermography was used to inspect a 12x 12 inch, 192 ply thick, graphite fiber panel that
was subject to fatigue loading until failure. Damage in the outer 0-20 plies of the panel were
indicated during the 32% mark of the fatigoe life. The temperature rise in thk area was about
5“C. After the panel has reached catastrophic failure, the temperature rise in the damaged areas
increased to 40°C [17]. A 70-inch long, 42-inch diameter, graphite/epoxy filament wound tank
was tested to failure. Thermography was successfrd in locating all the areas of delamination
that were detected by ultrasonic testing. Even when applied manually, it took as little as ten
minutes to inspect the entire tank using themlography [11].

A major advantage of thermography is its ability to rapidly inspect entire structures. The
acquisition of thermal images is very quick, which dramaticallyy reduces the inspection time.
This is especially beneficial when inspecting large strictures such as the composite firing vessel.
This non-contacting technique also enables data to be acquired remotely. It can detect disbonds
in adhesive joints and delamination in composites.

Dkadvantages to thermography include its limited sensitivity for deep delarnirrations. In
fact, sensitivity decreases with depth of surface, causing it to be ineffective with thick materials.
Johnson [18] reported that thermographic images of an ahrrninum sphere wrapped with graphite
fiber (26.6 in diameter) clearly indicated locations of defects when 45 Joules (J) of impact energy
was applied to it (@me 9). However, the technique failed to detect damage to vessels with
thicker overwraps andlor liners (> 4.6 mm) even when the impact energy was increased to 50 J
[18]. Another limitation to thermography is its inability to determine depth of defects.
Thermography merely gives a qualitative indication of the overall stmctural integrity of an
object. The variable surface errrissivity of different objects also makes it difficult to interpret
results. When inspecting materials with low ernissivity such as metals, a special coating maybe
required to ensure that enough energy is transferred to the surface of the object. Defects on the
surface may produce a higher thermal gradient than a crack within the object. In this respect, the
data can be somewhat misleading because a crack within the object might have a larger impact
on the object than a surface defect. Thermography works best with flat, planer components as
opposed to curved, spherical objects. The equipment and instrumentation used in thermography
are also relatively expensive compared to those used for other methods.

lastrevised 819KKI 9



Figura 9.

a) Thermogrsphic image
of vessel taken -1 see
after heating with flash
lamp [18]

b) Thermographic image
of vessel taken -5 sec
after heating with
quartz lamp [18]

The quick processing time of thermography makes it an attractive technique for
monitoring the composite firing vessel. However, thk method alone is inadequate for assessing
the integrity of the vessel. It maybe possible to use thermography to scan the entire vessel for
possible defect locations and then applying ultrasonics or radiography to characterize the defect
and obtain quantitative data. Since this is a relatively new tecluique, much work still needs to be
done in improving its reliability. Its ineffectiveness in examining thick materials, however,
raises a concern since the four inch Wick overwrap on the vessel is substantially thicker than the
composites on aerospace structures, whose defects were successfully detected using
thermography [22].

Acoti”c Emission [3,4,9, 12,13, 16]

Deformation in a material causes rapid releases of energy, generating elastic stress waves.
These acoustic emission (AE) waves then strike the object surfsce and cause the surface
molecules to move. Acoustic emission sensors detect the movements and convert them to
electrical signals. Acoustic emission sources or events inchsde matrix cracking and fiber
debonding at low strain level in composites, fiber fracture at medium strain Icvel, delamination at
high strain level, and fiber pullout. Acoustic emission occurs st yield stress of a material and is
otlen used to detect the onset of damage by observing the time when the first AE occurs or the
severity of damage by counting the number of acoustic emissions over a certain period of time.
AE pulses are damped sinusoids with fast rise time; their duration range from nanoseconds to
milliseconds.

Acoustic emission is a rather unique method because it dlffcrs from other nondestructive
techniques in many ways. Fkst of all, for acoustic emission, the energy detected is released tlom
within the test object as opposed to b&ng supplied by the nondestructive method. For exarnplc,
thermography requires a heat source and ultrasonic testing requires a mechanism to generate
sound waves, but in acoustic emission, the defect itself acts as the source of energy. Secondly,
acoustic emission only detects dynamic processes such as crack growth. This is attributed to the
Kaiser effect, which states that once a load has been applied to an objec~ addhional acoustic
emission will not occur until that stress level has been exceeded even if the load has been
completely removed and then reapplied. Finally, unlike other techniques, acoustic emission
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does not require prior knowledge of probable location and orientation of the dkcontinuity. A
sensor is often able to detect the resulting AE when it is located anywhere in the vicinity of the
source. Most AE sources function as point source emitters that radiate energy in spherical
wavefrorrts. Multiple sensors can triangulate or locate probable defect locations. Since crack
size cannot be deterruined with acoustic emission, thk method is generally used to complement
other techniques, such as radiography or ultrasonics. AE, as a global technique, can be effective
in narrowing down regions of inspections for other techniques.

There are two dlffererrt types of AE signals - burst type (Figure 10) and continuous
emission (Figures 11). Burst type signals, most common for fiber composites, are much higher
in amplitude and energy. The individual stress wave bursts are seen, and each signrd
corresponds to an individual emission event. In general, low peak amplitude levels (< 50 dB)
correspond to matrix cracking, high peak amplitude levels (>70 dB) are produced from fiber
breakage, and long duration levels (>3 ma) indicate delamination. On the other hand, continuous
emission signats arc much lower in energy. Rapidly oecurnng emission events generate a
sustained signal level, and as the load increases, the amplitude of the emission also increases.
Defects such as dkloeation movements in metrds generate continuous emission signrds.

Figure 10. Burst type emission is Figure 11. Continuous emission is
characteristic of fibers [3] characteristic of metals [3]

It was found that the type of loadlng also affected AE signals. In a study using acoustic
emission to detect darnage on a 12x 12 inch, 192 ply thick, graphite fiber panel, the amplitude of
the AE events during dynamic Ioadlng were 10-15 dB greater than those under static loading
[17]. In general, acoustic emission signals produced from fiber-reinforced composites have
much higher amplitudes than signals from metals. Close sensor spacing is required to
compensate for the attenuation of AE signals in fiber-reinforced materials.

Gormarr [17] noted that hydro-proofing filament wound pressure vessels before
impacting them would eliminate most background emissions, making the detection of relevant
AE events a lot easier. Hk experiments showed that there is a good correlation between the
number of AE events and the burst pressure of the vessel [24]. Even though fiber breaks produce
AE, not all fiber breaks are detrimental to the vessel. The strength of the composite is not
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affected by widely separated fiber breaks. Delamination can afso have positive effats on a
vessel. They can relieve stress in the vessel, which increases the burst-pressure strength of that
vessel. Therefore, not all acoustic emission events would have a negative impact on the structure
[25].

Acoustic emission has numerous advantages. For most applications, it provides reaf-time
records of damage. It allows for continuing and remote monitoring of the structure. Since it is a
passive technique, no equipment is required to excite the puke. Only limited access to the object
is required. It is more sensitive than typical instruments to crack growth and able to determine
the locations of crack growth. In fact, it is one of few nondestructive tectilques that have the
potentiaf to detect all three damage mechanisms in composites - matrix cracking, delamination,
and fiber breakage [26]. Perhaps the biggest advantage of acoustic emission is its ability to
monitor an entire system at the same time. Since AE sensors are sensitive to energy releases in
an entire structure, monitoring an entire structure can be done with a relatively small number of
sensors.

Disadvantages of acoustic emission include its inability to determine the size of cracks
and defects. In fact, due to the Kaiser effect, it cannot detect cracks that are not growing. This
method is also limited to only being able to monitor materiafs that can emit enough sound during
cracking or deformation. The biggest disadvantage of acoustic emission may he that the results
produced are sometimes misleading and difficult to interpret. Sensitivity of the AE system
causes it to pick up a lot of background noise, which may produce signafs that are very similar to
those from cracking, making it extremely difficult to decipher genuine emission from noise. A
single acoustic emission source may be detected by multiple sensors, which makes locating the
position of the defect a very difficult task. However, different techniques have been studied to
solve thk problem. Each sensor can be acoustically isolated so that it on]y detects sound from a
given region [24]. A first hit analysis was afso developed to identify the sensor that is nearest to
the AE source. When a signaf is detected by a sensor, all subsequent hits of that signal is
ignored for a set period [26].

The advantage of behrg able to monitor the entire structure at once seems very attractive
for the composite tiring vessel. One can conceivably use acoustic emission to determine
possible defect locations. However, the reliability of the results is questionable due to the
extreme sensitivity of the system. Another limitation of thk technique is that it cannot be used
during the detonation of the vessel. Instead the fibers must be loaded by statically pressurizing
the vessel. Therefore, reaf-time results cannot be provided using acoustic emission.

Ukr.wmic Testing [1,3,4,6,8,9, 12, 14, 16]

Ultrasonic testing uses the transmitting and receiving of high frequency vibrationrd waves
to detect size and location of flaws. Electronically controlled pulses are introduced into the
material from an outside surface. When an ultrasonic wave encounters a defect, the defect either
decreases the speed of the wave by reducing the stiffness of the material or increases the
attenuation in the wave. The energy is then received by a transducer and used for diagnostics.
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Ultrasonic testing detects flaws in metallic, non-metallic, and composite materials. Even though
both internal and surface flaws can be detected, it is primarily used to detect flaws at great
penetration depths. The sensitivity of ultrasonics does not vary too much with the thickness of
the material, whereas the sensitivity of other techniques generally decreases substantially with
the thickness. Ultrasonic testing best detects flaws that are perpendicular to the ultrasonic beam.

Most ultrasonic applications consist of four basic components – generator, transducer,
couplant, and display device. A generator produces a high voltage pulse. A transducer converts
the electrical energy to ultrasonic waves and vice versa. A couplant, can be a type of liquid or
grease, prevents the sound waves from reflecting off the surface. Finally, a display device
displays the signal for data interpretation and analysis. An oscilloscope generally displays an A-
scan signal, which is pulse or amplitude versus time. This indicates the discontinuity depth and
signal amplitude. B-scan uses recording paper or computer monitor to display size and position
against the probe movement on a surface. This indicates the discontinuity depth and distribution
in cross sectiomd view. C-scan also uses recording paper or computer monitor to display the size
and position on an area parallel to the surface, which indicates the discontinuity position in plan
view (Figure 12).
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Figure 13. Schematic of through transmission and pulse-
echo methods [16]

Figure 12. Ultrasonic display [8]
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There are different types of ultrasonic testing, two of which are the through-transmission
method and the pulse echo method (Figure 13). The through-transmission method utilizes a
transducer to emit high frequency sound into the object. If a dkcontinuity is encountered, a
small portion of the signal is scattered by the discontinuity. The remaining signal is received by
enother transducer located on the other side of the object. A greater dkcontinuiV size results in
a greater decrease in the intensity of the signal received. This method requires two transducers,
one on each side of the object. It can detect flaws up to 0.2 mm in size [12]. Advantages to the
through-transmission method are the abilities to test highly attenuating materials and near surface
flaws. A major disadvantage is that both sides of the test object must he accessible to the
operator, which may cause some difficulties in rdigning the transducers.

The pulse-echo method utilizes a transducer to emit short, rapid pulses of high frequency
sound from en outside surface. Flaws in the material will reflect the energy back to the receiver.
A greater discontinuity size results in a greater signal received. Thk method typically uses the
same transducer to emit and receive the signal. It can detect flaws up to 0.01 mm in size [12].
The primary advantage to the pulse-echo method is that it requires access to only one side of the
object. This method is also able to distinguish flaws at different depths of the object (Figure 14).
A disadvantage is that it is ineffective in inspecting highly attenuating materials. Since the
distance that the signaf has to travel is twice as long compared to the through transmission
method, a significant loss in signal strength results. It is also difficult to inspect small or thin
parts and near-surface flaws with the pulse-echo method.

Figure 14. Pulse-echo ultrasonic C-scan showing flaws at different depths caused by impact
damage [9]

Ultrasonic testing can also he applied in a couple ways - by contact or immersion. In the
contact technique, the transducer touches the test object surface. This has the advantage of being
able to adapt to large and irregularly shaped objects. However, it is difficult to attain uniform
coupling with the contact technique. When applying the contact technique, enother method is
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required to scan the entire object beforehand in order to locate the transducer position. The
immersion tec~lque involves placing the entire object and transducer into a water tank so that
the water in the tank can act as a coupkmt between the object and the transducer. Advantages
include good uniform coupling and ease in automating the tests. However, water corrodes most
composite materials, including Kevlar. The hardware for this technique is rdso expensive and
complex. Immersing the entire object in water is also impractical for big, heavy objects such as
the composite tiring vessel.

Kevlar has a very rough surface, causing ultrasonic energy to attenuate very rapidly.
Therefore, to compensate for the high attenuation, low frcqnency transducers need to be used,
which may cause a decrease in resolution. G1ycerin is abetter couplant for Kevlar than water is
because water can darnage the composite. Water also does not offer a good impedance match to
the material. Due to the rough surface of the material, the contact technique works better than
the immersion technique.

A flexible ultrasonic array system was developed by the U.S. army to inspect thick
composite materials. The system features 1024 transducers arranged in a 32 by 32 matrix,
spanning a total area of 64 square inches. The time required to electronically sequence through
the arrays is less than one minute. In order to attain uniformscoupling, the transducers are
coupled to the structure using a vacuum system. This system offers many benefits over the
traditional method of manually scanning the surface of an object with a single array - the most
obvious one behg inspection time [28].

Ultrasonic testing offers many advantages. It is very sensitive and has the ability to
detect very minute discontinuities. Its good penetration power enables extremely thick sections
to be examined. Ultrasonic testing provides accurate measurements of discontinuity position and
size. Real-time results can be obtained, and the process can also be automated. Its use of low
amplitude, inaudible sonic waves does not cause any darnage to the test object. The method is
also safe to use and dces not cause major hazards to personnel.

Ultrasonic testing cart be limited by the test object geometry, internal structure, and beam
alignment. Sound waves tend to have difficulty reflecting dkctly back to the transducer when
the object is irregularly shaped, while curved surfaces may focus or spread the beam. Large
grain size, where the ultrasonic wavelength is approximately the size of the grain, can scatter the
energy. Smaller grains, in which the wavelength is significantly larger than the grains, can
reduce the sensitivity. In order for flaws to be detected, they must be oriented relatively
perpendicular to the ultrasonic beam. Ultrasonic testing is also unable to detect fiber breakage.
It has also been reported that in many cases, ultrasound C-scan was unsuccessful in detecting
damage in composite materials [49].

Compared to other nondestructive techniques, ultrasonic testing is among the top
candidates for inspecting Wick composites due to its sensitivity and penetration power.
However, the weight and size of the firing vessel make it impractical to be immersed into a tank
of water. In fact, water cannot even be used because it will corrode the Kevlar. There is the
possibility of filling the inside of the vessel with water and putting the pulsar in the water. The
sensors can be coupled onto the outside of the vessel using glycerin. However, a possible gap
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between the Kevlar overwrap and the aluminum liner may distort the sigrrrdreceived by the
sensors. The contact technique is a possibility if the object cart be scanned beforehand for
regions where defects might possibly occur. Ultrasonics can then be used to verify the results
and characterize the flaws. Another issue with the contact technique is the importance of
attaining uniform coupling for such a large object. Therefore, some kind of automated system,
such as the flexible ultrasonic array system described above, appears to be much more eftlcient
and practical for our application.

X-Radwgraphy [1,3,4,6,8,9, 12, 16]

Radiography produces a shadow picture of the intemrd stmctmre of an object. Firat of all,
x-ray beams are directed toward an object to be examined. When the x-rays hit the object some
parts of this beam are scattered, while others are absorbed. The amount of absorption is baaed on
the thickness, physical density, and composition of the object as well as the type and size of the
defects. The beam that is absorbed generates a shadow picture of the intemrd structure of the
objed. Radiography is applicable to metals, nonmetrds, and composites and is best for finding
internal, nonpkmar defects.

Conventionrd
radiography utilizes
photographic film to record
the image produced. This
produces a sharp,
permanent image of the
flaws and enables results to
be easily interpreted.
However, this process is
extremely slow and can be
very expensive, depending
on the type of film used.
A newer type of
radiography is camera-
scintillator radiography.
This method utilizes
scintillators, which are
wide gap insulators, to
absorb the radiation

Figure 15. Scintillatora convert x-rays into visible light. Photons
can be datected and counted using a photomultiplier [32].

energy and convert them into visible light (F@rre 15). Converting x-rays into photons and
counting them with a photomultiplier provide a more efilcient way to detect radiation.

Camera-scintillator radiography has been used at Lawrence Liverrnore National
Laboratory (LLNL) as well as in industries for various applications. LLNL used glass plates as
scintillators for applications such as pit inspections and bridge pin inspections [31, 33].
Lockheed Missiles & Space Co. developed a semi-automated high resolution digital real-time
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radiographic (HRRTR) inspection system to inspect aircraft structures and composite materials
(Figure 16). This system uses fiber optic scintillatorx to convert the x-ray image into an optical
image. The image is then dkplayed electronically on a monitor. The advantage of using optical
fibers as scintillators over phosphor screens is that optical fibers provide higher resolution due to
better light collimation through the 10 ~m fibers. ‘Ilk system has better spatird resolution and
hkzher sensitivity than an image intensifier system (Figure 17) and better dynamic range than x-
ra~ film [27]. -

Witts HRRTR

Figure 17. X-ray image of 0.01
in. aluminum, improvements seen
with new HRRTR system [30]

Advantages of radiography include its abHity to access a wide range of thickness. It is
possible to retain permanent results using photographic film and real-time viewing using
appropriate instrumentation. Complex objects that may be too difficult to scan with ultrasonics
can be inspected using radiography.

One disadvantage of radiography is that unlike ultrasonics, its sensitivity decreases with
increasing thickness of the part. Access to both sides of the object is required. The x-ray beam
must be oriented parallel to the cracks, which means that a series of tangential shots must be
taken around the circumference in order to inspect the entire vessel. This might be a problem
depending on the access to the vessel and the time required to take rdl these shots. Since
delamination does not change the x-ray density of the material, radiography is unable to detect
thk kind of defect. In fact, in many cases, radiography was unsuccessful in detecting damage in
composites [49]. The equipment and instrumentation for radiographic applications are very
expensive, and radiation is a serious health hazard to the personnel.

It would be convenient to use radiography to inspect the composite tiring vessel since
radiographic cameras would already be setup for the explosive testing. The camera-scintillator
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method shows some promise if it is possible to embed optical fibers in the composite laminates
and use the light output from the fibers to determine if the fibers have been damaged. However,
more research needs to be done to investigate this possibility. Like afl other localized
techniques, radiography needs to be complemented by a global technique in order to increase its
efficiency.

Eddy Current [1, 3-6,8,9, 12]

The eddy current
technique detects flaws using
induced alternating current.
Electric current flowing in a
wire generates a magnetic field
around the wire, which is
always perpendicuku to the
current. Eddy current is the
induced altematirw current that
flows in closed ua~hs
~rpcndicular to the magnetic
field. Due to mutual induction,
the eddy current will then affect
the current in the induction coil,
changing the impedance of the
coil. The phase and magnitude
of the eddy current are
influenced by the electrical
conductivity, the magnetic
permeability, the mass, and the
discontinuities in the conductor
(Figure 18).

continuity

Eddy
urrents

Figure 18. Schematic of eddy current test. A
crack in the object changes the eddy current and
induced magnetic field [6]

Eddy current is only applicable to electrically conductive materiafs. In fact, the method
works best on materird with high conductivityy. Eddy current has tbe ability to detect surface and
near surface discontinuities and measure their depths. It is most effective on thin and small
items, and its sensitivity decreases when detecting flaws far beneath the surface. Discontinuities
are best detected if tbe flow of the eddy current is close to being perpendicular to the flaw. The
eddy current method can measure cracks up to 0.2 millimeter in length [12].

Basic components of eddy current include an oscillator for generating alternating current.
Test coils can be combined induction-receiving, where the same coil generates the magnetic field
and detects the impedance change, or separate induction-receiving, where the induced magnetic
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field is measured by a different coil. The shape of the coil is dependent on the purpose of the test
as well as the shape of the object being tested. Short coils arc more sensitive than long coils and
therefore, better for detecting smafl discontinuities. A means of measuring the impedance
change in the coil is also needed. The impedance testing technique uses a bridge circuit to
measure the magnitude of the impedance with no phase change. When inspecting a surface
witbout a defect, there is no signaf through the meter. If a defect is present, the bridge is
unbalanced, and an output voltage exists across the meter. Using the impedance plane method,
the sigoaf from the excitation coil is resolved into the resistive and reactance components and
displayed on an oscilloscope. The displacement of the impedance vector indicates whether a
defect exists. Finafly, a medium to display the information is needed. This can be meters,
cathode ray tubes, or oscilloscopes, depending on the methods used.

Whale most composites are poor conductors of electricity, some of the carbon fibers are
relatively good conductors. Therefore, eddy current can be applied to monitor fiber orientation
and detect fiber breakage in these carbon fibers [9]. However, eddy current probes at standard
inspection frequencies (< 1 MHz) are unable to detect changes in graphite fiber [18]. Inspection
of thick composites is ineffective using eddy current testing.

Advantages of eddy current testing include the ability to perform the test quickfy. The
process can be automated for high speed testing, and the instrumentation is relatively low cost.
Mechanical contact between the eddy current transducers and the test object is not needed.
However, the probe must be located near the surface of the object. Inspection depth can be
controlled by adjusting the frequency of the energizing current. Increasing the frequency
decreases the penetration depth but afso incccases the sensitivity to flaws.

Perhaps the biggest disadvantage to eddy current testing is that it is only limited to
electrically conductive materiafs, which does not include most composites. It is also limited by
its low penetration power, which means that only thin materials or near-surface flaws can be
inspected. Eddy current does not provide any quantitative indications of the discontinuities.
Finally, data interpretations can be complicated due to different material, geometric, and
electronic parameters.

Since eddy current testing can only bc applied to ferromagnetic materisds, it cannot be
used to inspect Kevlar and afl other composites excluding graphite fibers. However, eddy
current is a possible choice for monitoring the afuminum liner. In this case, the eddy current
probes should be placed on the inside of the vessel.

Embedded Fiber Optfc Sensors [7, 37,40, 44]

Introduction to Fiber OtXics

An opticaI fiber is consisted of three different layered cylinders of glass or plastic. The
innermost layer is crdled the core (3-100 pm in diameter), and it is usually made of silica glass.
Surrounding the core is a dielectric material, cafled the cladding, whose diameter is t~ically 125
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pm. The outermost layer is the jacket or the buffer. This 250 or 900 pm diameter plastic
cylinder protects the fiber from damage or moisture absorption and gives the fiber its mechsnicrd
strength (Figure 19).
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Figure 19. Cross sectional view of typical optical fiber [44]

Figure 20. Light transmission through
single-mode and multi-mode fibers [7]

Light propagates along the length
of the fiber due to Snell’s law of total
internal reflection. Since the index of
reflection of the claddlng is less than that
of the core, a light beam striking the
interface between the core and the
cladding at an angle greater than the
critical angle is reflected back to the core
again. L]ght continues to travel rdong
the fiber in this manner until it
encounters a disturbance along the fiber,
which changes the characteristics of the
light beam. These characteristics include
~pli~de, polarization, phase,
wavelength, time of flight, and modal
dklribution. Monitoring the changes in
the characteristics of the light beam
provides information on the disturbance
on the fiber. Numerous parameters, such
as strain, temperature, pressure, load,
acoustic emission, darnage, cracking, and
chemical composition, can be detected by
analyzing the different characteristics of
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the light beam. Single-mode fibers provide alight path for a single light ray, whereas multi-
mode fibers consist of multiple light paths (Figure 20). The number of paths is determined by
factors such as the characteristics of the light injected into the fiber, the diameter of the fiber, and
the chemicaf composition of the fiber.

Classification of Fiber Outic Sensors

Fiber optic sensors are divided into two classes - extrinsic and intrinsic. In art extrinsic
device, guided light exits the fiber, interacts with the environment and modulated by the
environmental effects, and re-enters the fiber. Propagating light in an intrinsic device remains
within the fiber along its entire length, so the light is actually modulated within the fiber.
Intrinsic fiber optic sensors are generrdly simpler and easier to embed.

Intensity based sensors arc the most rugged and least sensitive type of sensors. The
intensity of light that appears atone end of an optical fiber is the signaf that corresponds to the
physical quantity being measured. The change in the intensity of light may affect the time-of-
flight, refractive index, amplitude, and wavelength. These sensors have the advantages of behg
simple, inexpensive, and easy to build. However, they are very noisy and unreliable since many
different physical factors can cause a change in the intensity of the light beam [34, 44].

Znte~erwmetric sensors am the most sensitive but least rugged. These sensors generally
detect the changes in the phase of the light beam that exits two single mode fibers. This phase
change is caused by the effects that the environment has on the fibers. Interferometric sensors
are most often used in applications that require local measurements, but it may be possible to
have sensors that are up to 1 meter long. Inteferometric sensors include Mach-Zehnder,
Michelson, Fabry-Perot fiber optic sensors, and Bragg grating sensors [10, 34,44, 54].

Polarimetric sensors are more sensitive than intensity sensors but more rugged than
interferometric sensors. These sensors also have longer sensor gauge lengths than
interferometric sensors. The underlying principle of polarimetric sensors is the interference
pattern of WO light beams passing through the same path. External influences would affect both
beams equally [44]. In Asundl’s [34] experiment, circular polarized light is coupled into an
optical fiber. The light output from the fiber is collimated and passed through a polarization
beam splitter, and each beam is detected with a photodiode. Defects affect the load required to
produce a given phase change of the sensor output. Asundl showed that varying the length of
delamination, the location of delamination, and the location of fiber breakage all had an effect on
the load that was required to produce a given phase change of the light beam (Figure 21) [34].
Disadvantages to polarimetric sensors include expensive equipment and instrumentation,
complex systems, and high sensitivity to temperature.
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Figure 21. Asundi’s polarimetric fiber optic sensor experimental set-up [31]

Mach-Zehnder strain sensors [7, 10]

Figure 22. Mach-Zehnder sensing configuration ~

A Mach-Z.ehnder strain
sensor is consisted of two adjacent
single mode optical films. The
longer fiber functions as a
reference arm, which is proteeted
from all external stimuli. Light
beam traveling through this fiber
will not be altered in any way.
The shorter fiber, called the
sensing arm, is subjeetcd to
mechanical deformation, which
changes the optical path length of
the light beam. Changes in length
and refractive index of the sensing
fiber produce a phase shift in the
two light beams. By observing the
shift in fringe pattern, one can
determine the phase shift and

obtain information about the
deformation on the fiber (Figure
22). These strain sensors are
extremely sensitive. They can
detect movements in the fibers as
small as 10-3meters.
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Figure 23. Michelson strain sensor configuration [1O]

Fabry Perot strain gauges [10, 36, 42]

Opricrdfibre ~ C!8vity length

Figure 24. Fabry-Perot atrain gauge [36]

Unlike the Mach-Zehnder and Michelson strain sensors, the Fabry-Perot does not involve
a reference fiber. A Fabry-Perot strain gauge is consisted of two multimode optical fibers
welded into a microcapillary. Two mirrors, facing each other, are located on each end of the
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fibers and separated by a distance cafled the cavity length (Figure 24). The wavelength of the
reflected light varies according to the cavity ‘length. The strain in the fiber is transferred to the
gauge, which causes a change in the cavity length. This strain can then be calculated from the
following equation:

Strain. h (2)
hi%

where ~“= = gauge length, the distance between the 2 welded spots of the microcapillary

Fabry-Perot strain gauges are ideal for making strain measurements. They can measure
the cavity length with a precision of 0.001 pm and offer a resolution of 0.01% strain range [42].
These strain gauges offer the unique advantage of being able to compensate for therrnaf
expansion by replacing one of the optical fibers with a metallic fiber. If the gauge is strained
mechanically, the cavity length will change in accordance to the above equation. However, if the
gauge is elongated or compressed due to thermal effects, the cavity length will not change.
These strain gauges can be embedded within layers of composites or merely mounted on the
surface of the object. In general, Fabry-Perot strain gauges are twice as sensitive as the other
interferometric sensors.

Bragg grating sensors

Bragg grating sensors consist of Bragg
gratings, which are periodically varying
refractive index gratings, usually about 0.3-10
cm in length. The typical fabrication steps are
as follow: 1) remove polymer jacket, 2) expose
the fiber to a periodic pattern of ultraviolet
light, 3) anneal the fiber grating with heat, and
4) recoat the stripped fiber region with a
protective plastic coating [53]. Absorption of
ultraviolet (W) light into the fiber changes the

,.

Figure 25. Bragg grating written into an
chemicrd bonds in the glass, which causes a

optical fiber by shining laser through a change in the index of refraction of the glass

phase mask [50] (Figure 25). The reflection bandwidth and
Bragg wavelength are determined by the
period and length of the phase mask and the

exposure time. Touching the bare fiber or using excessive UV intensity can weaken the strength
of the fiber. An alternative process was suggested by Starodubov [53] to produce stronger flbcr
gratings. This process involves writing the fiber grating directly through the polymer coating
using a special coating that is transparent to UV writing wavelength. The advantages of this
process are that it simplifies the fabrication process, reduces the grating cost, decreases the
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probability of the fiber damage, and produces strong grating since the fiber is never exposed to
the environment [53].

Bragg grating fibers can be configured as strain gauges by coupling the core of the fiber
to the materkd that is being tested. Lines in the grating reflect light in the fiber if their period
matches the wavelength of the light. This reflected wavelength is called the Bragg wavelength.
The Bragg wavelength is defined by the equation:

1,= 2UL (3)

where LB= Bragg wavelength
n = effective index refraction of the fiber
L = grating period

When stress on the fiber bends the grating, the distance between the lines increases or
decreases, causing the wavelength reflected by the grating to change proportionally. The strain
in the fiber can be determined by measuring the change in the Bragg wavelength and then
calculated using the following equation:

&.(l-P)*&
LB L

(4)

where P = optical strain coefficient (typically 0.22 for axial strain)
L = length of the sensor [40]

A major concern with optical fibers is their mechanical strength. If embedded in the
structure, it is very important that the optical fiber does not break before the host material fiber
does. The maximum strain level for Kevlar 49 is 3-4~o, for pristine fiber is 5-6%, and for optical
fibers with sensors is 3-4% [46, 52]. Even more encouraging is that work done by Matthewson
[53] showed that that there is no difference in mcehanicaf strength between pristine fibers and
fibers with Bragg grating [53].

Bragg grating sensors are one of the newest and most populm techniques for strain
measurements. They are extremely sensitive, able to measure within 0.1 pe for strain and O.l°C
for temperature [44]. They can easily be multiplexed, which means writing multiple gratings
along one fiber so that multiple point measurements can be made. Multiplexing is most
commonly achieved by wavelength division, where each sensor is assigned to its own distinct
reflection wavelength, making it different from the other sensors in the fiber. However, it is also
possible to multiplex sensors in the time domain by utilizing differences in propagation delays,
or the coherence domain by matching white-light interferometers. When an array of sensors is
used, each sensor is read by cycling through each array with an opticrd switch [38]. Depending
on the system, sensors can be spatially located at any distance from each other, anywhere from
mm’s to km’s [52]. A holographic technique is developed at Southampton University [38] for

last revised: 8/9/OU 25



writing arrays of gratings during the pulling of the fiber. This technique improves the cost and
speed of the production as well as dramatically improves the mechanical strength of the gratings
[38]. Another advantage of Bragg grating sensors is their insensitivity to noise disturbance due
to the direct encorhng of the sensed information into wavelength, wKlch is an absolute parameter
[40].

Work was done to test the ability of embedded Bragg grating strain sensors to accurately
monitor filament wounded pressure vessels during pressurization and impact damage. Four
5.75” diameter cartron/epoxy filament wounded bottles were monitored with four surface
mounted resistance strain gauges and a 4 by 4 matrix of embedded Bragg grating strain sensors.
During pressurization of the bottles, the Bragg grating sensors responded differently based on
their direction and location withh the bottle. The agreement between the resistance strain
gauges and the Bragg grating strain gauges was best for sensors embedded in the hoop direction
at mid-cylinder and worst for the helical direction in the tangential area. However, the overall
data obtained from the embedded strain gauges matched those from the resistance strain gauges
and computer models. As for the impact tests, the embedded strain gauges were able to detect
damage anywhere within two inches of their placement regardless of the how the sensors or
fibers were oriented [43].

Smart Fibres Ltd. [50] developed an opticat strain sensor system that utilizes Bragg
grating sensors to measure strain in a structure. Thk system has been applied to maritime,
aerospace, civil, and offshore structures and is ex~cted to last for the complete lifetime of the
structure. The data acquisition unit is able to monitor 8 fibers with 50-100 sensors in parallel.
These sensors can be Iocated along the fiber at any distance from each along. This is a point
measurement system, which measures strain at specific points along the fiber. It is also limited
to strain measurements in the axial direction, which means that during the embedding process,
the sensors must be placed in the direction c}fthe desired measurement [50-52].

During the
summer of 1999 and
spring 2CC0, a
number of sea trials
were conducted
using the smart fiber
system to test how
the system would
monitor the strain
and temperature in
the masts of a yacht
through a range of
wind and sea
conditions. Optical
fibers were
embedded in the

m~ 1
Time (HH:MM:SS)

mast and boom of a yacht. Figure 26. Strain profile data shows the effects of the

Figure 26 shows the strain wind on the masts [39]
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profile obtained from two sensors in the same position on opposite sides of a mast. The strain
profile correlates with the response of the mast to the wind during tbe course of a trial. The
mainsail and jib were hoisted at 14:09 and 14:10 respectively, resulting in the increase in strain.
The yacht then undergoes a series of tacks. ‘rhe data also reveals when the yacht changed its
side to the wind (when the strain changes from tensile to compression and vice versa - at
14:13:40, 14:14:20, 14:14:55,.. .). Computer modeling was used to verify the accuracy of the
experimental data [39].

Evacuation of Fiber Outic Sensors

Embedded fiber optic sensors offer many advantages. Their small physical size and
lightweight minimize the effect that they would have on the structural integrity of the host
material. Their mechanical flexibility enables them to be applied to complex surfaces and areas
that are difficult to reach. The sensors are very robust, enabling them to survive hostile
environments. Strain measurements can be made within an accuracy of 0.1 pe. Sensing multiple
parameters is also possible by monitoring various characteristics of the light beam. Much like
surface mounted strain gauges, embedded fiber optic sensors monitor the system in real-time.
However, they have several important advantages over surface mounted strain gauges.
Embedded fiber optic sensors are immune tc,electromagnetic interference even in electrically
noisy environments. Their ability to be embedded within layers of composite laminates enables
regions throughout the thickness of the structure to be monitored. Finally, these sensors are
extremely compatible with composites. Optical fibers and composites are comparable in
strength (described in Bragg grating sensors section) and size. The yam size of Kevkir fibers
varies depending on the number of filaments. During filament winding, the yarns become
flattened into ribbons, with a thickness of about 254 microns [55]. Since a typical coated opticaf
fiber has a diameter of about 250 microns, the ribbon thickness of Kevlar fibers and the size of
optical fibers are essentially the same. Simihr mechanical properties and size minimize the
effect that the optical fiber would have on the composites. Research also indicates that
embedded fiber optic sensors have no effect on the fatigue life of composites under compression
and tensile loading [32].

The disadvantages of embedded fiber optic sensors are few compared to their advantages,
Since these sensors cannot be repaired, once they are darnaged, that portion of the optical fiber is
rendered useless. The fiber embedding process may he limited by the properties of the fiber, the
properties of the host material, and the processing conditions required for material fabrication.
There may rdso be a need to isolate the sensors from unwanted parameters. Certain applications
may be limited by the availability of the optical source. One primary concern is the effect that
sensors might have on the host material Research is currently bring done to address this
concern. The work is still in its preliminary stage since the result is affected by many factors,
such as the location and the orientation of optical fibers and the characteristics of the host
material. However, preliminary work showj that the strength of the host materkd is unaffected
by the embedded optical fibers [7]. Finrdly, since embedding fiber optic sensors is a relatively
novel idea, there is a general low awareness of this technology and many aspects of it are not
well understood and developed.
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Embedded fiber optic sensors is an attractive technology with a very promising future.
Much research is currently being done to better understand the optical fibers and improve their
capabilities. Giles [45] reported that it is possible to use the whole length of the optical fiber as a
sensor using a single mode, birefringent fiber. The position of the disturbance along the fiber
can be located by measuring the time delay of the signaf. Further work is being done to develop
a fully automated multi-purpose damage detection system using fiber optic sensors [45].
Another area of research is the ability to detect delamination in fibers without the sensors having
to be located directly over the region of delamination [41]. Investigations on rules for
embedding optical fibers within layers of composites are currentfy being pursued [48]. More
algorithms are being studied in the areas of sensing multi-parameters and making distributed
measurements [38]. Fibers with multiple overlapping gratings were developed to respond to
strain in multi-directions [47].

CONCLUSION

Based upon the current knowledge and the resources available to the author, embedded
Bragg grating fiber optic sensors appear to be the most promising technique with regards to
monitoring the integrity of the composite firing vessel. Embedded tiber optic sensors offer some
unique advantages that most other methods d.onot have. They are extremely compatible with
composites. Current research shows that embedded sensors have little or no structural and
mechanical effects on the host materiaf. These sensors can also easily be embedded withhr
layers of composites during the fabrication of the vessel. As the vessel is being wrapped with
Kevlar, one can conceivably substitute one of the spools of Kevku with a spool of optical fiber.
Embedding the sensors aflows all regions of the vessel to be monitored in real-time. Finafly,
embedded fiber optic sensors are immune to electromagnetic interference unlike techniques such
as surface mounted strain gauges and acoustic emission. This greatly simplifies the
interpretation of the results. The ability for the sensors to be multiplexed also substantially
enhances its capabilities. Since these sensors can be separated by any distance, this feature
aflows the system to be customized for the needs of the vessel.

None of the other techniques investigated can independently monitor the vessel [Table 2].
However, multiple techniques can be used to efficiently assess the vessel. Global techniques
enable large structures to be inspected quicld y in order to locate possible areas of defects.
Localized techniques can then be applied to characterize the defects. Based on present
knowledge, both thermography and acoustic emission appear inadequate to provide reliable
results for global monitoring of the vessel. Thermography is ineffective in inspecting thick
composites, and the background noise of acoustic emission produces very unreliable signals. As
for locafized techniques, both radiography and ultrasonic testing show some promise. However,
the efficiency and reliability of both of these techniques arc questionable.
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FLAW TYPE APPLICATIONS
Delamination Matrix Fiber Impact Material Features

cracks breaks damage & Forms
Vkual Onlyif defects appew on the surface of the 3 All material Surfaces

Ins pection object only

Liquid Only if done Only if located on the surface All Surfaces

Penetrant from the side of nonporous only
the panels material

Magnetic NIA Surface only Ferm- Surface &

Particles magnetic near surface
materials Regular/

uniform
shapes

Surface only if strain gauge is directly over region Metal Surfaces

mounted Nonmetal only
Composites

strain gauges
Thermal 2 NIA 2 Metal Sub-surfaces

Testing bestfor shallow Nonmetal

delamination Composites

limited for deep
ones

Acoustic 3 2 2 3 Metal Entire

Emission Nonmetal objects
Composites

Ultrasonic 1 NIA 1 Metal Surface/

Testing Nonmetat Internal
Composites

Radiography NIA 2 1 N/A Metal Entire

Detectable in Nonmetal objectd

very rare cases Composites structure all
shapes and

sizes

Eddy Current NIA 1 2 Metal alloys Subsurfaces
electrO- regular &

conductors uniform
shapes

Embedded only if sensing pixtion is directly over region Metal Any region

Fiber Optic
Nonmetal

Composites
Sensors

Table 2. Rating of nondestructive methods with respect to ability to detect each flaw type in
composite materials as well as their applications to types and features of materials

1 Good sensitivity and reliability. Good candidate for primary method
2 Less reliability or limited applicability. May bc good backup method
3 Limited applicability. May provide some useful information
N/A Not applicable for this technique
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This report merely lays the groundwork for more research. The question of how to
monitor the structural integrity of the composite firing vessel and determine when it should be
retired cannot be answered until more information is provided. Recommendations for future
work inchrde:

● Determine the failure mode(s) of the vessel
Without testing the vessel and determining its failure mechanisms, it is difficult to
narrow down the possibilities any further.

● Continuing investigation of techniques used in research centers and industries
It is extremely important to be informed of new technologies in order to find the best
match for the vessel.

● Research the option of using carnera-scintillator radiography
As mentioned in the radiography section, perhaps optical fibers embedded within
layers of composites can function as scintillators for radiographic applications.
Optical fibers cart convert x-rays into visible light, and by observing the output light
beam, one can locate regions of defects. However, more research needs to be done to
better understand this technology.

● Gather information on new fiber optic sensor research
● Continue correspondence with Smart Fibers Ltd.

As more information about the vessel becomes available, more specific inquiries
about the smart fibers system are needed in order to determine if this system will suit
our needs.

● Research methods that can be used in monitoring the aluminum liner
Due to the limited time, not much research was done in investigating diagnostic
methods for the liner.

. Test the applicability of the techniques discussed by using them to monitor proto~pe
vessels
It is extremely valuable to be able to determine whether these techniques would work
by testing them. For the first half scale prototype that afready has been fabricated, it
is too late to embed fiber optic sensors in them. However, acoustic emission can be
used to monitor the vessel during the tests. Radiography, ultrasonics, and
thermography can be applied afterwards to detect flaws. Since embedded fiber optic
sensors appear to show the most promise, it is crucial to actually test this technology
on future prototype vessels. Systems should be built into ongoing prototype
development vessels to investigate their effectiveness resulting from dynamic testing.
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APPENDIX
More resources for nondestructive testing research

GENERAL

Websites:

. NDTeeh Online
Nondestructive Testing products, services, consulting, newsletters, links
Available at: http://www.ndtech.net

● NDE Links
Available at: http://www.ntiac. corn/links/index. htrtd

● NDT.net
Online journal of Nondestructive Testing
Available ac http: //www.ndt.net

Contacts:

● Harry Martz, Director of Nondestructive Testing Center
Lawrence Livermore National Laboratory
E-mail: martz2 @llnl.gov

● Emmanuel Papadakis, President
Qurdity Systems Concepts Inc.
Technical consulting in nondestructive testing, ultrasonic technology, quality
systems, and management decision
Tele: (717) 355-9809

SURFACE MOUNTED STRAIN GAUGES

Industries:

● Measurements Group
Available at: http://www.measurementsgroup.com

● Omega Engineering, Inc.
Available at: http://www.omega. com
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ACOUSTIC EMISSION & ULTRASONICS

Industries:

. Digital Wave Corporation
Develops and manufactures acoustic emission and ultrasonic testing systems
Available at: http://www .digitalwavecorp.com

. Physical Acoustics Corporation
Designs and manufactures acoustic emission sensorshnstrarnents
Available at: http://www.pacndt.com

Contacts:

. Albert E. Brown, Lawrence Livermore National Laboratory
Manufacturing and Materiafs Engineering Division
E-mail: brown5@llnLgov

FIBER OPTIC SENSORS

IndustriesiResearch Centers:

. Blue Road Research
Research and development offiber optic sensors
Available at http://www.bluerr. com

. Boeing Company
Develops enhancements to fiber optic sensor technology
Available ac http://www.bocing.com

. FISO Technologies:
Develops and manufactures fiber optic sensors (Fabry-Perot strain gauges)
and transducers
Available ah http://www,fiso.com

. Smart Fibres Ltd.
Develops and manufactures optical jiber loading monitoring system using
Bragg grating sensors
Available at: http://www.smartfibres.com
ContacL Dr. Loma Everafl

E-mail: leverall@ smartfibres.com
Tele +44 (0)23 80454639
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Universities:

● University of Toronto, Institute for Aerospace Studies
Fiber Optic Sensors and Smart Materials/Structures
Available at: http://amow.utias.utoronto.ca/test/res/ep/foss-proj .htm

● University of Southamptcm, Optoelectronics Research Centre
Available at: http://www.soton. ac.uk/index.html

● Fiber optic sensors links
Available a~
http://www.me.ude1 .edu/-wangt/Researcb/Cument/sensor/sensor_link.html
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