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Abstract

Damage evolution in composite materials is a rather complex phenomenon. There are
numerous failure modes in composite materials stemming from the interaction of the
various constituent materials and the particular loading conditions. This thesis is
concerned with investigating damage evolution in sandwich structures under repeated
transient loading conditions associated with impulse loading due to hull slamming of
high-speed marine craft. To fully understand the complex stress interactions, a full field
technique to reveal stress or strain is required. Several full field techniques exist but are
limited to materials with particular optical properties. A full field technique applicable to
most materials is known as thermoelastic stress analysis (TSA) and reveals the variation
in sum of principal stresses of a cyclically loaded sample by correlating the stresses to a
small temperature change occurring at the loading frequency. Digital image correlation
(DIC) is another noncontact full field technique that reveals the deformation field by
tracking the motion of subsets of a random speckle pattern during the loading cycles.

A novel experimental technique to aid in the study of damage progression that
combines TSA and DIC simultaneously utilizing a single infrared camera is presented in
this thesis. A technique to reliably perform DIC with an infrared (IR) camera is
developed utilizing variable emissivity paint. The thermal data can then be corrected for
rigid-body motion and deformation such that each pixel represents the same material
point in all frames. TSA is then performed on this corrected data, reducing motion blur
and increasing accuracy. This combined method with a single infrared camera has several
advantages, including a straightforward experimental setup without the need to correct

for geometric effects of two spatially separate cameras. Additionally, there is no need for
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external lighting in TSA as the measured electromagnetic radiation is emitted by the
sample’s thermal fields.

The particular stress resolution of TSA will depend on properties of the material of
interest but the noise floor for the temperature variation is universal to the camera
utilized. For the camera system in this thesis, the noise floor was found to be fairly
frequency independent with a magnitude of 0.01 °C, giving the minimum measurable
stress for 2024 aluminum alloy of 3.6 MPa and for Nylon of 0.84 MPa. The average
displacement range found during a static DIC test with IR images was 0.1 pixels. The
maximum displacement variation at 1 Hz was 0.018 pixels. The average variation in
strain at 1 Hz was 25 microstrain comparable to traditional DIC measurements in the
visible optical regime.

The combined TSA-DIC method in IR was validated with several benchmark
example problems including plate structures with holes, cracks, and bimaterials. The
validated technique was applied to foam-core sandwich composite beams under repeated
simulated wave slamming loading. There are numerous failure modes in sandwich
composite materials and the full field stress and strain from TSA and DIC, respectively,
allow for improved failure analysis and prediction. Understanding damage in sandwich
structures under impulse loading is a complex open area of research and the combined

TSA-DIC method provides further insight into the failure process.
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Chapter 1: Introduction

1.1 Motivation

The development of recent Navy marine craft has seen the emergence of lightweight
designs for high-speed, multi-mission seaborne structures such as the M80 Stiletto of M
Ship Co. and the ONR Sea Fighter experimental littoral combat ship. With novel
concepts such as hybrid hulls and catamarans for high speed and long distance missions,
modern designs for ships are increasingly utilizing sandwich composites to build lighter
weight craft, obtain higher speeds, and have low radar, infrared, and magnetic signatures
making them stealthy. Composite super structures and foredecks have been mated to
traditional steel hulls such as the French La Fayette frigate resulting in weight savings
and reduced maintenance cost over steel. Some of the longest naval ships to be
constructed entirely of composite materials are the 72 meter Visby class corvettes in the
Royal Swedish Navy [1]. The Visby is designed as a multi-purpose vessel with the
capability to perform surveillance, combat, mine laying, mine countermeasures, and anti-
submarine warfare. Being constructed entirely of carbon and glass fiber laminate skins
bonded to closed-cell poly vinyl chloride (PVC) foam core, the Visby’s sandwich
construction allows the vessel to be lightweight, have low radar and magnetic signatures,
and be strong enough to handle underwater shock loads. These benefits do not come
without a cost; these structures are more complex to design and manufacture and have
more failure modes than a metal hull. In addition to the standard failure modes for a
classic metal ship, the material structure itself can introduce failure modes such as

delamination and core shear, for example.
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Wave impact loads are a major concern in the structural design of a marine vessel and
are reason enough for a shipmaster to reduce the ship’s speed if the impacts are too large
or frequent [2]. As a marine craft pierces a wave at high speed and slams on the water
surface or is impacted by a wave, a characteristic pressure pulse is generated that travels
along the hull (to be described in more detail in the next section). Depending on the hull
type and impact angle, there can be different responses to wave/hull slamming events.
When the impact angle is quite small, on the order of a few degrees, very high pressures
are created and hydroelasticity becomes important [3] meaning the deformation of the
structure is significant and the fluid structure interaction has a pronounced effect on peak
loads and pressure pulse profile. Very large waves, often called “freak waves”, are also a
concern due to the extreme forces and catastrophic damage a ship could sustain. These
extremely large waves have been documented to submerge the decks of large ships,
causing damage to large vessels and even cleaving one in half [4]. There are a few
possible causes for these extremely large waves; one possibility is caustic focusing of
gravity waves [4], where caustic regions act like a lens and make these waves more likely
to form. Freak waves need not be so extreme, they can simply be surprisingly large for
the given sea state. These waves can be defined as having amplitude twice as large as the
significant wave height [5]. It is these, more common, freak waves which have high
amplitude and low frequency that can be justifiably used as a design load for a vessel.

In addition to these freak waves, high-speed marine craft are also subject to a
significant number of lower amplitude hull slamming events over their operating lifetime,
which raises concern for how these complex composite structures handle repeated

slamming loading. These frequent wave or hull slamming events can still produce
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significantly high pressure loads and may occur with a frequency on the order of a hertz
as the craft impacts waves at high speed. The issue of wave slamming poses concern for
any ocean-going vessel or structure subjected to wave impact. During these hull
slamming and wave impact events, the structure can be subject to very high pressures and
result in substantial, if not catastrophic, damage over time. High speed boats, in
particular, are subject to these loads on a more frequent basis. Understanding the
structural response, damage evolution, and failure modes in sandwich structures resulting
from repeated slamming loads are important in estimating a vehicles’ useable lifetime
and can result in improved future designs.

This thesis investigates the damage evolution in sandwich structures under simulated
hull slamming conditions under controlled laboratory conditions. A technique utilizing a
single infrared camera to simultaneously perform thermoelastic stress analysis (TSA) and
digital image correlation (DIC) is developed for cases with relatively large displacements.
TSA allows for the determination of the sum of principal stresses by measuring the
magnitude of thermal variations under cyclic loading under the assumption of elastic and
adiabatic loading on an isotropic homogenous medium. DIC allows for the determination
of deformation under loading by tracking motion of numerous subsets of a random
speckle pattern. This combined method is particularly germane to hull slamming loading
on sandwich composite beams due to the large deflections expected in the center span. If
these deflections are not unaccounted for, a spurious TSA result is likely to be
encountered.

A unique challenge for DIC in infrared (IR) requires creating an apparent thermal

contrast to provide tracking information, which was overcome through the application of
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lower emissivity paint speckles on a high emissivity base coat. Combining the IR-DIC
results and TSA allows for deformation correction during the loading cycles such that
each pixel represents the same material point during the entire thermal recording. The
combined TSA-DIC method was verified with on several benchmark problems by
comparing the measured sum of principal stresses to theoretical or numerical results.
Plates with holes, cracks, and bimaterial interfaces were cyclically loaded and the
resulting thermal variation maps were determined after motion correction. The verified
method was then applied to sandwich composite beams under high cycle simulated hull
slamming loading. The resulting damage modes and propagation as well as the complex

stress field, were measured during the actual loading.
1.2 Hull and Wave Slamming

High impulsive loading on boat hulls during wave impact remains a major area of
concern in high-speed ship design. As an approximation of the slamming event, most
previous experimental and numerical studies have focused on the so-called wedge entry
problem [6], where panels or wedges are dropped into water [7]. The wedge water entry
problem has been studied for many years, starting with von Karman’s pioneering work in
1929 and continuing through Faltinsen’s work in the new millennium. Though such
studies have provided insights concerning scaling laws for local slamming pressures, the
mechanisms of load transfer to the structure from slamming and subsequent damage
continue to be active areas for research. In most cases, the structure is considered rigid
and only limited studies have explored the deformability of the structure during
slamming. Due to the unpredictability of hull slamming, designing bows to handle impact

loading without sacrificing the functionality of the vessel remains difficult. Since hull
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slamming can lead to catastrophic damage, such as complete collapse of the bow
structure or fatigue failure of the hull, the present work seeks to understand the

deformation and failure of sandwich composites due to this type of impulsive loading.
1.2.1 Theoretical pressure profiles

The majority of previous investigation into slamming utilized a wedge model as an
approximation for a boat hull. A schematic of a wedge entering water and the resulting
wetting profile is shown in Figure 1.1. A particular slamming event occurs when a wedge
enters an initially calm body of water at some velocity (V) and deadrise angle (), the
angle the wedge makes with initial free surface. The first analysis of the wedge entry
problem was performed by von Karman [8] who derived an expression for pressure and
force experienced by seaplane pontoons during landing. Von Karman’s analysis
determined the expected pressure for an assumed infinitely large rigid wedge entering an
infinitely expansive calm body of water at a constant velocity and impact angle. A major
improvement to von Karman’s work made by Wagner [9] included the wetting of the
wedge and the formation of a water jet at the spray roots on the wedge. Dobrovol'skaya
[10] simplified the problem of needing to solve a complex potential for the symmetric
water entry of a rigid wedge with constant entry velocity by providing a similarity
solution where a nonlinear singular integral equation could be solved in an approximate
fashion. Solving this integral equation presents numerical difficulties, especially at small
deadrise angles. Zhao and Faltinsen [11] presented numerical results to the similarity
solution for a broad range of deadrise angles from 4 to 81 degrees using a boundary

element method. An approximate and robust numerical method, referred to as the
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‘generalized Wagner method’, was presented by Zhao et al. [12] and is numerically more

stable and faster than the more exact boundary element method.

Spray Root

Figure 1.1: Schematic of a rigid wedge at velocity V entering initially calm water and the
resulting water surface [2]. The deadrise angle is denoted by the angle 3

An asymptotic solution [11] for the rigid wedge entry problem was used to generate
the pressure distribution on the wedge from vertex to spray root for several deadrise
angles presented in Figure 1.2. The nondimensional surface position is such that an
abscissa of -1 represents the vertex and 0 represents original water level. The peak
pressure occurs above this level, at the newly formed spray root. It should be noted that a
significant residual pressure continues to load the panel after the peak pulse passes as
long as the entry velocity is maintained. Significant peak pressures can be obtained
during slamming resulting in coefficient of pressures, (p-p,)/(0.5 pVZ), in the hundreds
when the deadrise angle is only a few degrees [11]. The coefficient of pressure is a
nondimensional measure of the pressure on the wedge surface, subtracting the free
surface pressure (p-p,) and divided by the dynamic pressure (0.5 pVZ), where p is the
water density and V is the velocity of the wedge. As the impact angle decreases, the peak

pressure experienced by the wedge increases dramatically, and at a certain point the
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assumption of a rigid wedge and attached flow become violated. Below a deadrise angle
of about 5 degrees, the analytical solution is no longer valid as there are likely pockets of
air trapped under the panel and hydroelastic effects become important [13], meaning the
maximum stresses in a deformable panel are strongly dependent on the vibrating motion

of the panel surface and interaction with the impacted water.
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Figure 1.2: Theoretical non-dimensional pressure distributions along a rigid wedge
entering water at a constant velocity, calculated from a similarity solution [11] for various

wedge angles B where an abscissa -1 represents the vertex and 0 represents original water
level

1.2.2 Pressure profiles from water impact experiments

There are several types of slamming on ships that are of concern: bottom, bow flare,
bow stem, and wet-deck slamming [14]. In order to measure the pressure during a slam
event, previous researchers [7, 15] have performed ‘drop’ tests with weighted flat panels
or wedges into a body of water. In these tests, a weighted panel or wedge is dropped into

a body of water and the resulting pressure on the panel is measured by a few embedded



8

pressure sensors. Wet deck slamming is usually characterized by a small slamming angle
between the panel and water. Due to this small angle, the water motion is restricted and
reaches very high pressures, thus increasing the effect of hydroelasticity. When
hydroelasticity becomes dominant, the deformation and vibrating motion of the panel
itself becomes integral to determining the true forces and strains on the panel. The impact
velocity and highest natural period of the local structure also influence the effect of
hydroelasticity. The peak slamming pressure occurs during the structural inertia phase,
[13] with a time scale shorter than that associated with the lowest natural frequency of the
impacted structure. The impact forces are balanced by the inertia of the panel, which
implies structural elasticity is unimportant during this stage. After the initial impact, the
motion of the plate is such that the vibration velocity completely counteracts the rigid
body drop velocity. Also, the maximum strains occur after the structural inertia phase
during the free vibration phase. There are additional complexities in the pressure
response due to the possibility of cavitations from negative pressure and venting during
the free vibration phase. Hydroelasticity needs to be considered when the angle between
the body and free surface is small. For example, a 14 degree wedge shaped hull was
found to have insignificant hydroelastic effects, but these effects are generally considered
to be significant below 5 degrees [13]. The most important error source in the theoretical
analysis is the impact velocity, which is assumed constant. Since velocity is not measured
directly in experiments (only the gross craft motion); there are also non-linear hull and
free-surface effects that influence the true impact velocity.

The effect of hydroelasticity causes deviations from the rigid/quasi-static slamming

theory of Wagner [9]. The ratio of loading period to the first natural period has been
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demonstrated by Stenius in 2009 [16] and provides a convenient measure characterizing
the importance of the hydroelastic effect in the response of a panel during a slamming
event. The loading period is defined as twice the wetting time, which can be
approximated using Wagner theory, where the wetting time for the half width of a rigid
wedge is given by,

oVt
~ 2tanp

c(t)

(1.1)

where V is the velocity of the wedge, f is the slamming angle, ¢ is time, and c is the
horizontal distance from the center line to the spray root. The total length of the wedge
from keel to chine is given by b and thus twice the time to wet the entire wedge length,

which is the loading period (77p), is given by the following relation

(1.2)

The first natural period (7yp) can be approximated using engineering beam theory by
assuming an idealized two-dimensional beam where D is the bending stiffness, m
represents the structural mass, and m, the added mass due to the water (fluid-structure)
interaction. The boundary condition factor uyp equalsm under simply supported

conditions and 4.73 when the boundaries are clamped.

2T / m+m,)b3
Tnp = 2 ( D a) (1.3)
HUnp

The added mass for a rigid panel impacting water at high velocity can be expressed as

follows [17], where p,, is the density of water,
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s
my = pr(b cos B)? . (1.4)
The ratio (R) between loading period and natural period can then be given as follows

while neglecting the structural mass as the added mass is substantially larger,

T 2tan D
R—_LP _ 4(MNP) B . (1.5)
Tnp T vV |mp,b3

A large R ratio can intuitively be thought of as a having a very stiff or rigid beam

such that the natural period is quite small. Conversely, a small R ratio can be thought of
as having a relatively flexible beam.

Stenius [16] determined panel responses for varying R ratio conditions. He
demonstrated that maximum deflections and strains remained relatively constant as the R
ratio increases above 5, indicating that the panels were behaving in a rigid/quasi-static
manner. Deviations began to occur when the R ratio was below 5, indicating hydroelastic
and membrane effects were beginning to influence the response of the panel to water
impact.

High speed water impacts of sandwich composite panels have been performed by
Battley [17] using slamming tests using a specially designed servo-hydraulic slam testing
system (SSTS). The SSTS setup used a hydraulic piston to perform slamming events into
a water tank; similar to a drop test, but with the advantage of having some control over
the specimen motion after impacting the water and improved repeatability. Characteristic
pressure traces from a slamming event with the SSTS are shown in Figure 1.3 and
demonstrate the traveling nature of the pressure pulse and residual pressure after the peak

as the panel is continually submerged. Slamming velocities up to 10 m/s were obtained
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with the SSTS. The maximum strain rate in the skin (face plate) was found to be
approximately 1 to 4 per/second while the maximum shear stress rate in the foam core
varied with velocity from 200 MPa/s to 4000 MPa/s. Hence it is important to account for
the high strain rate properties of the materials in the sandwich structures, particularly that

of the cores.
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Figure 1.3: Typical pressure profiles at several panel locations during slamming event on
an inclined 10 ° rigid panel plunged into water at 3m/s, from [17]

Battley and Lake [18] describe additional work using the SSTS machine examining
the differences in strain at various locations on a sandwich panels between static and
dynamic loading. Under dynamic loading, the moving pressure pulse was observed to
cause a large rise in strain at the chine or top edge of a panel. This corresponds to larger
shear loads and deflections than experienced under static loading conditions. The current
design methodologies [19] for high speed craft are based on static uniform pressure
distributions and Battley’s results indicate high speed craft currently may be designed

with inadequate shear strength. The SSTS device has also been used to test panels of
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varying stiffness under slamming loads [17]. It was found that the more flexible panels
experienced lower peak pressures at the center of the panel but high pressures near the
chine likely a result of local reduction in slamming angle due to panel deformation. The
effects were particularly noticeable when the loading rates were comparable to the first
natural frequency of the panels (R value approximately 1). Deformation due to the
hydroelasticy at this low R value can result in a number of effects influencing the
pressure on the panel. Panel deflection can reduce the effective slamming angle near the
chine when the pressure pulse loads and deforms the panel. As the panel impacts the
water and deforms, the velocity of the panel may also be decreased during portions of the

slamming event due to hydroelastic effects.
1.2.3 Slamming simulations

A number of previous investigations used finite element analysis (FEA) and boundary
element analysis to investigate the fluid structure interaction during slamming events and
to obtain the pressure and ‘hull’ response for various hull designs and slamming
configurations. Stenius and Rosen [19] applied FEA modeling on hull-water impacts to
explicitly determine the resulting pressure profile and, through carefully chosen
parameters, found it feasible to achieve non-leaking solutions (where the fluid does not
inadvertently pass through the solid) that were stable, but the technique is far from trivial
and can be quite numerically intensive. They found the numerical solution to be
significantly dependent on the contact stiffness between the water and wedge as well as
the mesh refinement. Stenius [20] investigated the effect of hydroelasticity and fluid
structure interaction using FEA. A relationship between panel stiffness and loading time

known as the R ratio (Eq. 1.5) was found to distinguish regions where the impact can be
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assumed to be rigid/quasi-static from those where the full hydroelastic fluid structure
interaction needs to be considered.

Qin and Batra [21] describe the development of a comprehensive analytical model for
studying the fluid-structure interaction of a sandwich structure during impact with a calm
water surface. The model was also validated using the ABAQUS finite element program
and with analytical solutions. They calculated the slamming loads and response of the
sandwich structure (Figure 1.4) during a shallow water impact of 5 degrees using a
numerical procedure and a method for solving the coupled nonlinear governing
equations. Under these slamming conditions the effect of hydroelasticity was significant
and the panel deformed, leading to discrepancies in pressure when compared to that of a
rigid panel. It is important to note that when the slamming angle is not this small, the

effect of hydroelasticity becomes insignificant.
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Fig. 6. Time history of the mid-span deflection during the slamming impact (V= 10 mjs ).

Figure 1.4: Example of hydroelastic effect on sandwich panel deflection, from [21].
Accounting for hydroelastic effects resulted in decreased panel deflections
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1.2.4 Summary

The concept of hull and wave slamming was introduced and a review of various
analysis methods was explored regarding slamming pressure determination. A short
history of slamming analysis from von Karman’s work on seaplane floats to modern
finite element analysis was presented. Several results from experimental investigations
were also presented in order to compare the accuracy of the theoretical predictions. These
experimental works measured the pressure and strain at several points on the panels for
various impact conditions. The effect of hydroelasticity was also presented and found to
be minimal when the slamming angle is greater than about 5 degrees. When the
slamming angle is quite small, the hydroelastic effect can play a large role in the
deflection and strains experienced by the panel. Future studies of the slamming problem
can enlighten possible damage mechanisms in composite hulls undergoing repeated
slamming events. With continued observation of damage initiation and progression, it is
anticipated that mitigation strategies or improved design rules could be developed to
produce safer, more robust structures in the next generation of lightweight, high-speed

marine craft.
1.3 Composite Materials

In the most general sense, a composite material can be considered any heterogeneous
medium where two or more materials are joined, forming a new structure. These
structures can range from natural material combinations such as hay-reinforced mud
bricks, laminated wood, and reinforced concrete to modern engineering systems such as

carbon fiber epoxy composite laminates and sandwich structures [22]. The essential
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benefit of composite materials is in producing a new enhanced material by combining
desirable traits from the individual components. The richness of composite materials
comes from the ability to tailor the properties and ‘enhance’ desired measure of
performance including weight, strength, cost, durability, ductility, toughness, etc. A
desired property can be improved in a composite material but there will usually be a trade
off in another area. For example, the tensile strength of cement is improved with the
addition of aggregate and steel reinforcement, but the total weight increases, thus it is not
possible to improve every measure of performance.

Nature is full of examples of composite materials where evolution has combined
materials to produce stronger, lighter, more durable structures such as trees, bones, teeth,
and seashells. Trees have many layers or rings which combine a lighter resin-dense wood
with a heaver, stronger fiber-dense wood layer [23]. This structure combines flexible and
strong components allowing trees to reduce mass and grow against gravity while not
snapping under normal wind loads. The human body is also full of examples of
composites such as teeth and bones where the combined properties of materials produce
an improved structure. Bones are made of collagen fibers and crystalline salts [24] that
provide great tensile and compressive strength, respectively, very similar to reinforced
concrete. Sea shells, such as nacre, are also composite materials consisting of one or
more ceramic phases embedded in a polymeric matrix [25] that improves the fracture
toughness by virtue of a specialized microstructure.

There is a long history of utilizing composite materials in the construction industry.
From straw-reinforced mud bricks in the ancient world to the ubiquitous steel-reinforced

concrete in the modern world [22]. In modern engineering, fiber- reinforced composites
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have become an attractive method to produce high-performance structures due to their
high strength-to-weight ratios and controlled anisotropy [26]. Fiber composites are
constructed by combining high tensile strength fibers with a polymer matrix, which
transfers loads to the fibers, keeps them together in the proper orientation, and protects
them from environmental damage. The high specific strength of fiber-reinforced
composites is due to the high strength fibers and low density matrix. The anisotropy or
directional properties can be controlled in a number of ways; by adjusting the volume
fractions of fiber and matrix, or by combining several layers of fiber-reinforced laminates
in different orientations. The first major use of fiberglass/epoxy composites occurred
during WWII when composite aircraft radar domes replaced the heavier, less
electromagnetically transparent, canvas-plywood domes [27]. The first mass production
of sandwich panels also occurred during WWII, with the English Mosquito aircraft
utilizing veneer faces with a balsa wood core [28]. Soon after WWII, the marine industry
created the first glass fiber composite boat for the U.S. Navy. Composite material use has
increased steadily, growing at 6.5% since the 1960s [29] as costs have decreased and the
weight savings and reduced maintenance costs have been realized.

A material’s true strength is several orders of magnitude lower than ideal atomistic
predictions; this is driven by the size and distribution of flaws within all real materials.
Advanced fibers attain their dramatic strength increase over the bulk material due to
small fiber diameters; as the cross sections decreases the probability of the presence of
flaws is reduced, and thus the material is able to sustain larger stresses before failure. The
long fibers combined with a matrix to transfer load between fibers allow the structure to

take advantage of the high tensile properties. The most common engineering composite



17

fiber is made of glass, due to both the low cost and high strength [29]. The production of
glass fibers begins by melting the raw ingredients such as sand, limestone, and alumina,
in a furnace. The molten glass then flows either into a marble making machine for later
remelting and drawing or into a fiber-drawing machine directly. The molten glass is
gravity fed into a platinum bushing with many small holes. The molten glass from the
orifices is gathered into fibers of the proper dimension, quenched with water spray and
treated with binders to protect and lubricate the individual fibers. Several fibers are then
gathered to form a fiberglass strand that is wound onto a spindle for later textile
processing to woven sheets. Carbon and graphite fibers are the material of choice in high
performance polymer matrix composites [29], with wide-spread use resulting from
significant price reduction in the 1990s. A common method for producing carbon fiber is
to stretch a precursor fiber made of PAN (polyacrylonitrile) molecules that have a carbon
backbone. These stretched fibers are then carbonized in a furnace at 1500°C in an inert
atmosphere burning off the non-carbon elements leaving a pure carbon strand. These
stretched carbon fibers are then surface treated (sizing) to improve bonding with epoxy
resins and wound onto spools. Common matrix materials in polymeric fiber composites
are thermosetting epoxy, giving easy processing ability (being a liquid) and good
chemical resistance to the finished product, or thermoplastic polymers, which add the
ability to be reformed under heat and pressure.

A number of manufacturing processes exist for fiber composite construction
depending on the application and performance requirements. All the methods utilize
either male and/or female molds which are first prepared with the desired surface finish,

and then coated with mold release agents to prevent the part adhering to the mold. A
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main process distinction is between wet and pre-impregnated (pre-preg) construction.
Pre-preg construction utilizes fabric rolls where the fibers are already in an epoxy matrix
and the structure is assembled of this fabric while the epoxy is tacky and gel like. In wet
construction, the polymer matrix is applied, in liquid form, to the dry fibers during final
construction. There are a number of variations of wet construction, from automated
pultrusion to fairly labor-intensive hand layups. In pultrusion, fiber bundles or tows are
pulled through an epoxy reservoir, shaped though a die, and then cured; forming
unidirectional rods and beams. A relatively simple hand layup construction method uses
an open mold where either chopped fiber or woven mats are placed into the mold and
freshly mixed epoxy is applied in liquid form. The epoxy is worked into the dry fibers
with rollers to wet all the fibers and squeeze out excess epoxy. This process yields low
uniformity between parts with the quality depending on the skill of the operator.

Higher performance parts can be created with the introduction of a vacuum bag to
cover the entire composite part so that uniform negative pressure can be applied to the
part thus reducing voids by pulling out air and volatiles formed during the curing process.
The composite laminate can be constructed of numerous layers of woven composite fiber
cloth with freshly applied wet epoxy or pre-preg sheets. This method introduces
additional waste and construction time as several layers of peel plies, bleeder plies,
breather plies, vacuum bag, and sealant tape are included with the composite laminate.
Each material serves a specific purpose within the laying up and bagging procedure,
which are critical steps influencing the quality of the finished part. The first step is to
apply a release coat on the mold for easy part removal. Peel plies help prevent surface

contamination of the composite, bleeder plies and breather plies are porous materials
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allowing air and volatiles a path to the vacuum ports as well as absorption of excess
epoxy. The vacuum bag and sealant tape create an airtight surface around the lay-up that
compresses the composite with atmospheric pressure when a vacuum is sustained in the
bag. The part can then be cured at room temperature or in an autoclave oven with
additional pressure applied to produce even higher fiber volume fractions, with additional
pressure forcing out more epoxy and gas.

Another common method of composite manufacture is known as resin transfer
molding (RTM) which is a wet impregnation process where resin and fiber layups are
introduced separately. The dry fiber reinforcement layers are placed in a two-sided mold
and epoxy resin is injected. The mold is filled with resin, forcing out air until the part is
completely wetted. The air exhaust and resin injection ports are sealed and heat is applied
to finish curing the part. The RTM method provides improved control over fiber
orientation over a wet hand layup, resulting in improved mechanical properties. A
modification of this method is known as vacuum assisted resin transfer molding
(VARTM), where the resin is pulled into the part via an applied vacuum. Since vacuum is
the driving force, one side of the mold can be replaced with a vacuum bag. Also, the
pressure differential on the mold is much smaller so the mold itself can be less
substantial. In wet lay-ups, VARTM, and pre-preg processes the composite material can
be constructed of chopped strand mats of short fibers or complex structures created by
stacking multiple layers of cloth like woven reinforcing fibers. Each individual layer can
be considered a lamina sheet with approximately 0.25 mm thickness. These lamina can

be unidirectional, where all the fibers are oriented in the same direction, or woven into a
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single fabric with two or more fiber directions. A stack of lamina forms a laminate with
the particular structural and material properties dependent on the orientation of each layer

In addition to solid laminates, the previous methods can also produce sandwich
composites where the laminate skins (face plates) are separated by a low density core
material. The main advantage in sandwich composite materials is to obtain a low-weight
high-stiffness structure. The bending stiffness is the product of the elastic modulus (F)
and bending moment of inertia (/). For a rectangular cross section of width b and height
h, the moment of inertia about the axis parallel to the width through the mid-thickness is
given by bh3/12. The elastic modulus could be increased, resulting in a linear increase in
stiffness. A more efficient method to increase stiffness takes advantage of the parallel
axis theorem, where the centroid of the cross section is separated from the bending axis
by a distance d resulting in an additional inertia term. This additional term is the product
of the cross sectional area and the distance from the neutral axis squared. This is
accomplished by separating strong but dense laminates from the neutral axis, which
dramatically increases the moment of inertia with relatively little added mass of the foam.
The bending stiffness and structure of an example sandwich structure with identical face
sheets is shown in Figure 1.5 with core stiffness, E., and face stiffness, E. The drawback
is that the compressive and tensile stress in the face sheets increases under bending as the
distance from the neutral axis increases. Thus, provided the skin separation and
attachment to core is maintained, the sandwich structure is stiffer and takes greater
advantage of the high strength fibers than an equivalent solid laminate. A number of low-
density core materials can be utilized, such as balsa wood, polymeric foam or polymeric

or metallic honeycomb.
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Figure 1.5: Schematic of sandwich structure and bending stiffness. Face sheet thickness ¢
separated by distance d attached to a core of thickness 7.

Sandwich composites are found in a range of industries, including transportation,
automobile, locomotive, naval, aircraft, and spacecraft. In using sandwich composites,
these industries are able to reduce weight and improve various traits, such as sound
transmission, fire suppression, or low magnetic signature. In locomotive applications,
sandwich composite structures are able to reduce weight by 44% per seat [30] compared
to the previous generation of conventional trains. There are also foams specifically
designed for locomotive transportation meeting stringent fire, smoke, and toxicity
requirements [31].

The aerospace industry has a relatively long experience with composite materials.
Improving the performance of aircraft and spacecraft often requires mass reduction while
retaining strength and stiffness, for which, sandwich composites are ideally suited. For
example, the control surfaces of large passenger aircraft such as Boeing’s 787 and
Airbus’ A380 are constructed of sandwich composites because they need to be stiff to
maintain their shape under wind load but light enough to be easily moved during flight.
Sandwich composites constructed of honeycomb core have been in use since the 1950s
and are a major component of modern aircraft and spacecraft. The heat shield of the

Apollo Crew Exploration Vehicle had to be light yet strong enough to withstand reentry
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loads and, to satisfy these requirements, was constructed of graphite-epoxy honeycomb
core sandwich composites. Major portions of the Space Shuttle Orbiter, such as the cargo
bay doors, are also constructed of honeycomb sandwich composites [32]. Composite use
in air and space vehicles is mainly driven by performance requirements. Most aerospace
components are constructed with the autoclave process to obtain the highest performance
parts. The additional pressure and heat in an autoclave increases the fiber volume fraction
of the finished parts and reduces void content, resulting in stronger, lighter components.
In naval ships, composites have been utilized extensively to reduce weight above the
waterline in bulkheads, deck houses, and helicopter hangers. Entire ship hulls are now
being created from composite materials such as the Visby class Corvettes in the Royal
Swedish Navy. Composite materials can also serve multifunctional roles by reducing
radar, magnetic, or thermal signatures. Additionally, there are cost savings as the total life
cycle cost of a composite ship is lower that an equivalent steel ship (since corrosion does
not affect composite ships, reducing maintenance costs over the life of the vessel). The
composites can be single skin laminates or sandwich structures, either honeycomb or
foam core, with glass, carbon, or Kevlar fibers. The manufacturing techniques in boat
construction include hand layup, sprayup, RTM, and VARTM [22]. When performance is
not the driving factor, the composite construction can be hand layup or sprayup onto an
open mold. For higher performance naval vessels, VARTM is the process of choice for
large components [33] with the parts cured at room temperature. The autoclave method is
not commonly utilized due to the large size of ship parts, but the fiber volume fraction

with modern VARTM techniques can approach that of autoclaved parts.
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1.3.1 Failure modes and damage in composites

The superior mechanical properties possible with composites over homogenous
materials often justify the increased complexity in construction and design. The general
structure of fiber composites consists of strong reinforcing fibers held together within a
weaker matrix, with all the fibers in the same direction or woven together in multiple
directions. Usually, the fibers are strong but brittle compared to the surrounding ductile
matrix. Each fabric of unidirectional or woven fibers within a matrix is called a lamina.
When several laminas are stacked together it is called a laminate. The directional
properties of laminates can be tailored by adjusting the fiber directions in the layup
sequence of the various laminas.

Numerous experimental investigations attempting to characterize failure in composite
laminate structures have been performed over the years. Sun investigated failure of quasi-
isotropic laminates experimentally and analytically [34]. It was found that even though
the laminates were isotropic in stiffness they were quite anisotropic in strength, and that
conventional failure theories were inadequate, resulting in the need for new failure
criteria. Various failure modes were observed by Sun [35-37], including transverse
matrix cracking and delamination through the laminate thickness, and also predicted
strength and failure envelopes using Tsai-Hill failure models. Experimental failure
characterizations of laminates under compression have been well investigated by Waas
[38-42] where mechanisms of failure were characterized and used to illustrate the role of
various micromechanical parameters. Carlsson [43-45] investigated crack propagation in
laminates in both Mode I and Mode II starting with the design of test specimens and

measurement of fracture toughness and delamination growth. Due to the complexity of
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composite laminates, numerical investigations are quite common. One example is the
work by Whitcomb [46] on delamination in compressed composite coupons using FEA
and fatigue testing to obtain delamination growth data. He found that the strain energy
release rate (G.) dominates the growth process for the through thickness delamination
coupons he tested. Other numerical work by Whitcomb covers buckling of a sublaminate
[47] and debond growth under complex loading conditions [48].

Several models have been proposed to incorporate the experimental findings. Various
internal failure modes can be predicted within a composite laminate from a
micromechanics perspective. Micromechanics models are useful for predicting initial
failure and in providing insight into possible underlying failure mechanics of composite
materials. These models are usually limited to unidirectional composites, because adding
multiple fiber orientations results in less tractable problems. Focusing on modern
engineering fiber composites, a number of particular failure modes are possible including
fiber breakage, microcracking in matrix, debonding of fibers from matrix, fiber pullout,
and delamination of individual lamina [29]. Particular failure modes are expected under
different loading conditions. Under longitudinal tensile loading along the fiber direction,
failure modes include fiber breakage when the brittle fibers are stretched beyond the
failure strain, fiber pullout when the matrix debonds from the fibers (initiated at a stress
concentration), and shear failure along the fibers or through the matrix (often a result of
multiple cracks joining). Under compressive loading along the fiber direction, the failure
modes include transverse tensile fracture (when the transverse strain exceeds the strain
capability of the composite), microbuckling of the long slender fibers, and shear across

the fibers. When the composite is loaded in the transverse direction, which is
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perpendicular to the fiber orientation, the failure modes are dominated by the weaker
matrix material, as the fibers are not directly loaded. In transverse tension, the failure
mode is through thickness matrix fractures which initiate at the stress concentrations
along each fiber. Under transverse compression, the usual failure mode is matrix shear
failure. Under in-plane shear loads, the usual failure modes are matrix shear or debonding
of the fibers from the matrix. Daniel [49] developed damage evolution predictions for
unidirectional composites based on experimental observation of the formation of equi-
distributed microcracks in the matrix. The analytical model derivation takes advantage of
the repeating structure within unidirectional composites. A unit cell of composite was
envisioned and the corresponding stress field in the fiber, matrix, and interface was
derived. Applying similar observations to cross ply (0/90) laminates produced analytical
models for stress in the two fiber directions as a function of crack spacing. For a given
applied stress, the expected crack spacing was predicted and agreed well with
experimentally observed crack densities in both the 0 and 90 directions.

Predicting failure using micromechanical models in composites can be accurate at the
local level in describing failure initiation at critical points. Extending these failure models
in a global sense provides only approximate predictions of failure progression in lamina
and laminates. Failure theories from a macromechanical point of view treat the lamina as
an anisotropic homogenous medium and are often more useful in predicting failure on a
larger scale. The failure behavior of a composite lamina is characterized by nine material
strengths: tension and compression strength in the warp (1) and fill (2) directions (Fi Fa,
Fic, Fac), through thickness tensile and compressive strengths (Fs F3.), in-plane shear

strength (Fi; or F¢), and through thickness shear strength (F,3 or F4 and F3 or Fs).
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The sheer number of failure theories and lack of suitable and reliable experimental
data makes it difficult to state which theory is the ‘best’. In an attempt to test the various
models fairly Hinton, Soden, and Kaddour [50] conducted a collaborative study over 12
years known as the ‘Worldwide Failure Exercise’ for composite materials where various
theories were compared and validated. In the first part of this exercise, the creators or
proponents of the various different theories produced failure envelopes and stress-strain
curves for particular composite systems given only the basic lamina properties. This
round robin effort encompassed 12 theories and 14 different loading conditions. In the
second part, Hinton, Soden, and Kaddour [51] produced experimental results for the
particular composite systems and biaxial loading conditions which were then used to
evaluate the failure predictions from each theory.

There are a number of common failure theories proposed over the years and can
generally be classified into three groups [52]. The first group is known as limit or non-
interactive theories, where stresses in different directions do not influence the failure
load, such as maximum stress or maximum strain. The failure criteria for the maximum
stress model are constants: essentially the material strengths. The failure envelopes are

composed of straight line segments, forming either rectangular or parallelogram shapes.

Table 1.1: Maximum stress and strain failure criteria

Normal stresses Shear stresses
01t = Fit; 010 = Fic Ty = Fip = Fg
Oz¢ = Fye; 03¢ = Foc T3 =F3 =F
03¢ = F3¢;03. = F3¢ T3 = Fi3 = F;

The second group contains interactive theories such as Tsai-Hill and Tsai-Wu which
are essentially modified yielding theories from Hill’s 1948 model in metal plasticity [53]

accounting for material anisotropy and sign-dependent material properties [50]. A
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potentially improved model for fiber composite yielding and failure by Christensen [54]
is stress based and attempts to derive the governing form from basic physical
postulations. Christensen’s model derives expressions for fiber- and matrix-dominated
failure in both Mode I and Mode II while also maintaining hydrostatic independence. The
combination of the two fracture modes produces a failure envelope with sharp corners
which is not captured in the Tsai-Wu model that does not make any failure mode
distinction. A recent micromechanical model by Oguni and Ravichandran [55] produces
failure envelopes that match quite well with Christensen’s model. Oguni’s model
produces sharp corners in the failure envelope due to predicted changes in failure mode
made possible because of the micromechanical foundation. Christensen’s model does not
provide information about particular failure modes but the failure envelope produces
similar sharp corners because the yield functions are based on micromechanical
consideration of dominant character of failure under different loading conditions. The
third group contains partially interactive or mode-based failure theories such as the
Hashin-Rotem or Puck theories [52]. In these types of failure theories, each failure mode
has its own failure criteria and the collection of failure criteria produces a single failure
envelope. The Hashin-Rotem failure criteria for various failure modes, adapted to textile

composites has the following form [56] in Table 1.3.
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Table 1.2: Yield functions for various interactive failure models

Tsai-Hill

ol +ad? (o} (t2 +12) 1

F—12 + <F3> +—— 72 + <Fs> F12 (0,0, + 0,05 +050,) =1
Tsai-Wu

f101 + f20; + f303 + f1107 + 2205 + f3305 + f1aTh + fssTé + foeTe + 2f12010,
+ 2f130103 + 2530503 = 1

Where
1 _ i; = for i=1,2,3 (repeated index not indicating summation
! Fi¢ Fic u F tFLC p g
f fos = =
44 = F2 y Jss = 5
=l e ; repeated index not indicating summation
ij = 3/ iiljj > Tep g
Christensen

Mode I: Matrix dominated failure

2

1 oii 2 .
a ko + §+ ay T+ 0;j0;j| + 01500 < ki [,j=23

Where k; = lFZ—Cl and al—i(“;“' 1)
2t

Mode II: Fiber dominated failure

1+ ay)?

1
—a2k20'11 + Z(l + 26!2)0'121 - 2

0110 < k3

gy2t0 F. 1(F
Where o= -2 and k,=-* and a,= —(i — 1)
2 2 2 \|Fy|
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Table 1.3: Hashin-Rotem mode-based failure criteria

Fiber failure modes oy | o |
—=1—=1
F F,
Ts\2 (T2
. 5 6
Interfiber failure mode on plane 1 (—) + (—) =1
Fg Fe
2 2
. Ty Tg
Interfiber failure mode on plane 2 - +|l=) =1
F, Fe
. A% 742 T5\?
Interfiber failure mode on plane 3 -] +{=) +l=) =1
F3 F, Fg

It is often difficult to assess which theory is most applicable due to the limited
available experimental data. Different loading conditions, such as biaxial normal or
combined normal and shear loading, alters which model best predicts the observed failure
loads. For example, under transverse tensile stress the expected matrix dominated failure
is best captured with limit theories such as maximum stress, while interactive theories
such as Tsai-Wu underestimate the strength. Under transverse compressive stress the

opposite is true [52].
1.3.2 Damage modes in sandwich structures

Sandwich composites composed of polymer fiber-epoxy skins and a low density core
are subject to failure modes in addition to those for laminates, including delamination
between the core and skin or core and adhesive, micro-buckling of the skin, indentation,
and core shear failure. Defining failure is difficult in composite materials in general as

the entire material often does not fail simultaneously, resulting in a progression of
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damage. In sandwich composites, this progressive damage could reduce the stiffness to
an extent that would be unacceptable in one application but not another. For example,
indentation failure could be thought to occur when a load-bearing portion of the
composite is damaged enough that the whole structure would be severely weakened.
Combinations of analytical and computational analyses are common in investigating
sandwich composites due to the complex multi-material nature. For example,
delamination in composite materials has many potential applications ranging from
prediction of crack propagation at bi-material interfaces, which are important in the field
of microelectronics packaging at solder junctions, and delamination of composite
laminates due to crack tip singularities in anisotropic materials. Predicting delamination
growth is an active area of research and one approach uses a numerical method for
calculating the stress intensity factor (SIF) in composites and utilizes the SIF as a
criterion for delamination growth [57]. There have also been interesting works on
properties of dissimilar materials, especially relating to interface cracks. Sun [58] used
various FEM methods to determine the stress intensity factor for cracks between
dissimilar materials. In Sun’s work, the results from the various methods (modified
versions of the virtual crack extension method and crack closure integral method) were
compared to analytical results [59] for jointed dissimilar semi-infinite plates with double-
edge cracks. Fairly accurate mode-separated SIF were found using those methods. Shih
applied elastic plastic analysis to interface and bimaterial cracks [60-62] to predict yield
zone size and deformation. Analytical work by Hutchinson, Mear, and Rice [63]

investigates interface cracks between dissimilar elastic half spaces and derive complex
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stress intensity factors and conditions for propagation. Hutchinson and Suo [64] present
an excellent review of the fracture mechanics of layered media.

The particular failure mode a sandwich composite may sustain is influenced by both
the material geometry and applied loading. In compressive loading of a sandwich
composite, Carlsson [65] found that various failure modes could be elicited by varying
structural parameters. As the panels increased in length, the failure mode progressed from
compressive failure in the face sheets to face wrinkling to global buckling. The core
material in sandwich composites is usually the weakest component and can fail in several
modes, some being: delaminating from the face sheets, crushing at the loading site, and
core shear failure. Core shear fracture has been analytically, numerically, and
experimentally investigated due to the rich nature of the failure process. The fracture
process in sandwich composites under low-speed impact has been experimentally
observed by Xu and Rosakis [66], and interface cracks were found to appear first and
were shear dominated. Experimental work by Carlsson [67] sought to analyze an
analytical model for shear debonding. Zenkert [68] demonstrated detecting core shear
cracks with nondestructive testing and residual strength prediction. Impact on sandwich
composites may result in core crushing damage that may act as initiation sites for other
failure modes (such as delamination) and can affect the total strength of the panel [69-
72].

Higher-order analytical models have been developed [73, 74] to improve failure
analysis of sandwich composites under complex loadings such as blasts or with
delamination within the structure. Fracture in sandwich composites is also complicated

by the near-universal presence of mode mixity where the crack propagation takes place
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under combined Mode I and II loading. Recent work by Berggreen [75] has analyzed
delamination fracture in foam core sandwich composites accounting for mode mixity and
deriving expressions for the corresponding strain energy release rates.

Fatigue crack growth in sandwich composites under flexural loading is another active
area of research. Carlsson [76] describes a series of three-point bending tests with a
fixture where localized indentation damage was minimal. The observed cracks were
initially core-skin debonds that propagated slowly along the foam-skin interface,
eventually kinking into the core as a shear crack which grew in an unstable manner.
Fatigue failure in the foam core itself has been studied by Zenkert [77] who found the
failure modes in closed cell polymeric foams under tension, compression, or shear were
the same under fatigue as static loading and that the failure modes were loading specific.
Thomsen [78] found that the presences of geometry changes and material boundaries can
influence the fatigue life of sandwich composites and the structural performance can be
enhanced by modifying the shape of the interface.

Modeling of sandwich composites also requires models of the foam core to accurately
describe various failure modes. Brocca [79] describe a microplane model for stiff foams
used in sandwich composites and utilized finite element analysis to compare three-point
bending tests for failure by core indention. This model of cellular materials was able to
achieve good results compared to experimental core indention observations.
Experimental characterization of multi-axial yield behavior of polymer foams has also
been performed by Deshpande and Fleck [80], producing failure envelopes under

complex loading which could lead to better foam models.
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Sandwich structures have a number of failure modes depending on loading type and
structural properties. For example, using Steeves and Fleck’s analysis [81] for a beam in
three-point bending, the failure modes include core shear, microbuckling, indentation,
and face wrinkling. Using Fleck’s model for the expected damage modes (Table 1.4), one
can design a sandwich structure to avoid failing in an undesirable mode. For a particular
foam core and skin type, the failure map can be plotted based on skin thickness versus
core thickness, non-dimensionalized using the loading span in a three-point bend test by

finding the minimum failure load index.

Table 1.4: Nondimensional failure modes for sandwich composite under three-point
bending [81]

Non-dimensional P P A UC___TC___E L

Parameters _bLO'f’t_?'C_Z'O-_ U_f'T_G_f' —U—f,P— pc/Ps
Microbuckling — 2

failure load index Py = 4t(t + l)c

Core Shear failure —_ o _
load index Fes = 27(T + 1)c

Indentation failure 25°F 1/3
load index P, = < . > {(T+ 1)1/3E -4/3

Applying Fleck’s analytical model [81] to Divinycell H100 and H200 PVC foam core
and carbon fiber composite face plates (CFRP), we can see the transitions from one
expected failure mode to another. In Figure 1.6, the failure maps for a sandwich
composite with properties from Table 1.5 using carbon fiber skin and H200 or H100

foam core were determined as a function of foam core thickness (c¢) versus face plate
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thickness (7). The span was held constant and used to normalize the core thickness (¢ ),
while the fiber thickness (7 ) was normalized by the core thickness. The principal failure
modes in this structure are indentation, core shear, and microbuckling. The top right area
corresponds to core shear failure, the bottom area corresponds to indentation failure, and
the far left strip corresponds to microbuckling. Microbuckling only occurs when the foam

core is very thin compared to the span. The contours represent lines of constant load

index (P). There is an inverse relation in the transition between the other two failure
modes. As the core gets thinner, a thicker skin is required to obtain core shear failure,
otherwise an indentation failure is more likely. Comparing the H200 with the H100
failure maps we see a slight vertical shift in the indentation to core shear transition. This
shift is due to the increased strength of H200 foam core, thus a thinner skin can be used
and still avoid an indentation failure. The increased strength of the H200 core also
enlarges the microbuckling region as the face sheets would fail first when very thin cores

are utilized.

Failure mode map Failure mode map
T T T T 0.25

0.25

Core shear

03

0 0.05 0.1 0.15 0.2 0.25 03
[

ol -

(a) (b)

Figure 1.6: Failure mode map for a sandwich structure under three-point bending loading,
CFRP fiber skin and (a) H200 foam (b) H100 foam for 229 mm (9 inch) span, with the
following foam and skin thickness dimensions: x (50mm/2mm), o (12.5mm/2mm), [
(12.5mm/Imm), * (12.5mm/0.75mm)
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Table 1.5: Mechanical and physical properties of selected materials for sandwich
structures

Young’s Tensile . Shear .
modulus strength Compressive strength Dens1t3y
(GPa) (MPa) strength (MPa) (MPa) (kg/m”)
H100 0.135° 3.5° 2.0° 1.60° 100°
H200 0.310° 7.1 5.4 3.5 200°
CFRP
laminate 138 L° 1447 LU 1447 LU® 93b 1600
0.66 FVF 8.96 T° 51.7 TU® 206 TU®
AS/H3501

“DIAB [82], "Agarwal [26], L (longitudinal), T (transverse) directions
1.4 Damage Detection in Composites

Detecting damage in composites is a broad topic of interest that is needed to assess
the state of the structure, its reliability, and its residual strength. There are a number of
common destructive and nondestructive methods to gauge the damage extent. For
example, measuring residual strength or stiffness is a simple overall measure of damage
in a sample [70]. Ultrasonic testing is a common nondestructive evaluation (NDE)
technique that utilizes high frequency sound waves (1-25 MHz) that are transmitted into a
sample being analyzed. The sound waves interact with damage such as voids, cracks, and
delaminations, resulting in reflected waves. The depth of damage can be determined
using the measured time of flight and the known wave speed in the material [26].
Material properties such as elastic modulus can also be determined using ultrasonic
waves by measuring the transverse and longitudinal wave velocities [83]. A common
NDE technique known as acoustic emission (AE) attempts to monitor damage in real
time by recording and counting the number of acoustic ‘events’ during loading. These
acoustic events occur when some damage occurs such as a fiber breaking, and thus the

rate of damage can be correlated to the rate of AE events [26]. X-ray radiography can
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also be utilized as a NDE technique: damaged regions such as cracks and voids in a
composite absorb less radiation as they contain less matter. The contrast between
damaged areas and the composite can be enhanced with the addition of radiopaque
materials (such as barium salts) into the defects, which is known as penetrant-enhanced
radiography [26]. Damage can also be characterized by recording surface deformation of
a sample under loading utilizing laser shearography or digital image correlation. In digital
image correlation an applied speckle pattern is tracked to determine the strain field [84].
Laser shearography utilizes the speckle effect that laser illumination produces on an
object. Displacement gradients can be measured by fringe pattern analysis utilizing a
shearographic video laser interferometer [26]. Laser shearography is a very sensitive

technique but is applicable to only small displacements, unlike digital image correlation.
1.4.1 Damage detection using thermal imaging

A rich area of NDE methods uses thermal wave analysis to detect the location and
extent of local damage. A key figure in the use of thermal imaging for structural
monitoring is Gerd Busse. His paper [85] describes a method of noncontact photothermal
detection. This utilizes a periodically deposited energy source and the resultant thermal
wave in the material is detected. The thermal wave is a highly damped scalar wave
propagating at a low speed. Variations on or within the sample can affect the propagation
of this wave and this forms the basis for monitoring subsurface defects using thermal
imaging. Another of Busse’s papers [86] describes the use of phase sensitive modulated
thermography to extend the depth range of thermal imaging. Since the thermal wave is
highly damped with increasing frequency, generating low frequency waves allows for

deeper analysis. The changes in temperature are obtained using a high sensitivity focal
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plane thermal camera employing an array of infrared detectors with a finite number of
pixels. The intensity variation of the signal can be quite small but Busse showed the
phase shift from pixel to pixel (which would indicate damage) can be more easily
detected. He also showed that the relevant parameter is thermal diffusion length p given

by

u=,/2k/w (1.6)

where k denotes thermal diffusivity while w is the angular frequency of modulation. The
signal magnitude is affected by boundaries in a depth that is less than p, while signal
phase still responds at about twice this depth [87].

Another major application of thermal imaging utilizes the thermoelastic effect. The

thermoelastic effect is the temperature variation (A7) due to change in the sum of the

principal stresses (in a homogeneous, isotropic material) (o, +0;),

aT

AT =
PGy

Aoy + ay), (1.7)

where o denotes the linear thermal expansion coefficient, 7 is the absolute temperature, p
the density, and C, is the specific heat capacity at constant pressure. An excellent review
of the application of thermoelastic stress analysis (TSA) is given by Dulieu-Barton [88].
Also, a review of the general theory of TSA, starting from thermodynamics, is given by
Pitarresi and Patterson [89], where they derive the fundamental equations in a more
general form. Lesniak [90] illustrate the use of TSA to detect stress variation on a sample
by measuring the temperature variation near a crack tip and used curve fitting techniques
to determine the stress intensity factor of the crack. Dulieu-Barton [91] developed a

computer program FACTUS that determined stress intensity factors for various crack
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angles and a novel approach for determining the non-singular stress term from the
thermal signal related to thermoelasticity. The method for the non-singular term appears
to work but was subject to high levels of noise. The extent of crack tip plasticity and non-
adiabatic effects was observed localized near the crack tip (~3 mm) which had no
influence on the stress intensity factor.

TSA has also been used to detect damage in composite structures. Paynter and Dutton
[92] used a second harmonic correlation rather than just the in-phase correlation to detect
damage. They showed that the second harmonic is due to local buckling due to sub-
surface damage causing a localized region of tension to form when the rest of the surface
was in compression. Recent work by Dulieu-Barton [93], focused on developing a
correction methodology for quantitative thermoelastic stress analysis. From TSA theory,
the measured temperature variation can be linearly related to the sum of the principal
stresses (Eq. (1.7) within a sample and a model to correct the temperature based on the
wavelength range of the detector was developed. The correction factor has to be
determined experimentally due to the specific optics in use for each specific thermal
camera. The applicability of this method was demonstrated on damage growth in a
cyclically loaded composite laminate coupon with a hole. The method was able to
remove the temperature rise due to the heat from friction in the cracked/delaminated area
resulting in revealing a better stress redistribution due to damage.

The method used in this thesis combines the nondestructive measurements of
thermoelastic stress analysis [88, 89, 91, 93, 94] and digital image correlation (DIC) [84,
95-99] to study damage evolution in sandwich composite structures and foam core

materials.
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1.4.2 Infrared measurements

A common instrument used for measuring full-field temperature is a focal plane array
infrared (IR) camera. The fundamental phenomenon measured is electromagnetic
radiation in the infrared spectrum. Infrared radiation is emitted by all objects with
temperature above absolute zero and by measuring the amount of radiation and knowing
some properties of the body in question the true temperature can be determined. The
intensity of radiation energy can be determined by the Stefan-Boltzmann law, which
follows as temperature to the fourth power. At a given temperature and frequency or
wavelength of electromagnetic radiation, one can use Planck’s law to determine the
intensity of radiation. These equations are only valid for black bodies or perfect emitters.
These perfect emitters are not normally encountered in nature, so a correction factor is
applied, making them a gray body. This correction factor, known as emissivity, is not
generally constant for all frequencies of light, but since commonly used sensors are only
sensitive to a narrow range of radiation, it is common to assume the emissivity is a
constant. Planck’s law (1.8) describes the energy emitted by a black body at a given
wavelength A (um) and absolute temperature T (Kelvin) per surface and per unit of solid
angle (steradian) [100]. L, ;, 1s defined as the spectral radiance at a given wavelength with

the subscript b indicating a blackbody assumption and utilizing constants from Table 1.6.

L,(A,T) = 2he =
Ab 7 A5 [exp(hc/AKT)—1] (1.8)

107 Wm™2um~1sr™1).

C1
A% [exp(c2/AT)—1]
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Table 1.6: Values of physical constants [100]

Quantity Symbol | Value Units
Speed of light in vacuum C, 2.99792458 x 10° Meter second”
Planck constant h 6.626076 x 10 Joule second
Boltzmann constant K 1.380658 x 10 Joule Kelvin™
Stefan-Boltzmann o 5.67051 x 10° Watt meter “Kelvin™
constant
First radiation constant c1 1.19104039 x 107° Watt meter”
¢, = 2hc?
Second radiation constant Cy 1.438769 x 10°* um Kelvin
¢, = hey /K

Planck's law
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Figure 1.7: Blackbody spectral radiation according to Planck's law plotted for various
temperatures

Planck’s function (L, ;) is plotted for various blackbody temperatures in Figure 1.7,
and one can observe a distribution of emitted radiation at various frequencies based on
temperature, with the peak shifting toward lower wavelengths as temperature increases.

The IR detector (InSb) in the SC6000 FLIR camera [101] used in this thesis work is

sensitive to radiation in the mid wave IR spectrum 3-5 wm. Thus, for a given temperature
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of a sample a characteristic amount of radiation will be incident on the detector. This
incident radiation is converted to an electric signal and is recognized as 'counts' by the
camera hardware. The number of 'counts' will depend on the intensity of incident
radiation and the integration time of the camera. For each integration time, a calibration
should be performed to correlate counts to a number of known temperature and
emissivity conditions. This calibration is also limited in the temperature range available
due to the sensor electronics. For example, if not enough counts are registered it becomes
difficult to distinguish between actual temperature reading and noise. If too many counts
are detected in the integration time the sensor becomes saturated. Thus for a given

integration time there is a detectable temperature range with this sensor.

1.5 Thesis Outline

A background on the hull and wave slamming of panels and the motivation for the
research presented in the thesis as related to high-speed marine craft made of composite
materials and sandwich structures is discussed in Chapter 1. This chapter also includes
brief discussion of composite materials and sandwich structures, their failure modes and
thermal temperature measurements. Damage detection techniques are discussed with a
focus on applicability to sandwich composite materials. Chapter 2 presents fundamentals
of thermoelasticity, as well as thermoelastic stress analysis (TSA) and digital image
correlation (DIC) for displacement measurement, the two techniques employed for
measurements of damage evolution in sandwich structures. A number of examples of the
combined thermoelastic stress analysis (TSA) and digital image correlation (DIC) method
are discussed. The TSA method assumes the material investigated is isotropic and

homogenous. The loading is also assumed to be elastic and adiabatic, which is enforced
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by cyclic loading. Chapter 3 presents the application of the combined TSA-DIC method
to simulated slamming experiments on composite sandwich structures, and the resulting
damage and failure modes are discussed. Conclusions for the present study and
recommendations for future research are presented in Chapter 4. The appendix presents

results for thermoelastic calibration and modeling of Divinycell H100 foam.
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Chapter 2: Combined Thermoelastic Stress Analysis
and Digital Image Correlation With a Single Infrared

Camera

2.1 Introduction

A methodology to combine two noncontact techniques, namely thermoelastic stress
analysis (TSA) and digital image correlation (DIC) is proposed. Such a combination will
provide improved thermal variation results for TSA by correcting for sample motion and
distortion during loading, such as that encountered in simulated hull slamming
experiments. Key benefits of TSA are that it is a noncontact measurement, can work with
very small strains, and no differentiation is required to obtain the stress field. With DIC,
the individual components of strain can be computed based on measured displacements
but there is a limiting detectable strain magnitude that must be inferred via differentiation
of displacement data. Some of the other full field stress measurement methods such as
photoelasticity and coherent gradient sensing (CGS) will be briefly introduced. The
fundamentals of thermoelasicity and development of the TSA method will also be
presented. Details of the combined TSA-DIC method will be expounded, including
performance characterization. Several examples demonstrating the combined TSA-DIC

method will be compared to theoretical and numerical solutions.
2.1.1 Full field stress analysis

A number of methods and sensors exist that can measure the stress or displacement of

a specimen. Measuring these quantities in an average sense under uniaxial loading is
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rather common and forms the basis of materials testing. Force transducers such as load
cells can measure the total load in a sample and one can determine an average stress state.
There are not many methods to measure the stress directly; the most common approach is
to determine the strain and infer the stress via an assumed constitutive law. The total
displacement of a sample can be measured with an LVDT, which can provide an average
strain value. Improved displacements can be measured using clip-on displacement gauges
or similar devices that measure the displacement over a small portion of the sample.
Though surface-mounted strain gauges can be thought of as a point measurement, they
still are actually averaging the strain over their gauge length. These methods all give a
single scalar measurement for the strain state. Other methods exist that will give a
measure of the full field deformation. For example, a precise grid can be deposited or
marked on a surface before deformation and the distortion can be determined during
loading. One can get a rough full field displacement map by comparing the distances
between several points on a sample. Expanding on this idea of tracking a random pattern
of particles is the basis for digital image correlation (DIC). In DIC, a subset of a random
pattern is tracked (instead of a single spot) via a correlation algorithm [96] and the
displacement in the deformed image is computed. With advances in computational power
and introduction of digital cameras, one can track numerous subsets to subpixel accuracy
rather efficiently. Each subset then represents a scalar value in the full field displacement
map. By differentiating this displacement map, the strain field can be determined similar
to having an almost infinite number of strain gauges in all orientations.

In order to get a more precise picture of the stress state in a complicated body, full

field measurements need to be employed. Several optical methods exist to provide a full
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field measure of a material’s in-plane stress state. These optical methods usually provide
a linear combination of the stress or strain components. Photoelasticity, for example,
provides the difference in the principal stresses and the principal directions [102, 103].
The basis of the photoelastic method is the existence of stress-induced birefringence, a
property only found in certain materials. Another method, known as coherent gradient
sensing (CGS) [104, 105], provides a spatial derivative of the sum of the principal
stresses when used in transmission and the gradient of out-of-plane displacement when
used in reflection. In transmission, CGS 1is based on stress-induced changes to the
refractive index, thus the applicable materials are limited to transparent materials with a
sufficiently high stress-optic constant. In reflection CGS, any smooth surface is
applicable and the surface deformations provide the necessary distortion to the light rays.
Both photoelasticity and CGS require carefully aligning optics, light source, and gratings,
and determining the stress state can require fairly tedious fringe pattern analysis. A third
method, and focus of the present work, known as thermoelastic stress analysis (TSA)
provides the sum of principal stresses but with much simpler setup than either
photoelasticity or CGS methods. The physical basis for TSA is the thermoelastic effect
which is present in all materials. The important material properties for TSA are specific
heat capacity, density, and thermal expansion. Though all materials have a thermoelastic
effect; some materials have higher sensitivities and would be easier to measure

experimentally.
2.1.2 Thermoelasticity

The thermoelastic stress analysis method is based on a remarkable physical property

that a small temperature change accompanies an elastic deformation due to the required
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volume change. The first scientific writing documenting the presence of a thermoelastic
effect was noted in natural rubber by Gough in 1805 [106]. The thermoelastic effect in
metals was first discovered by Weber in 1830 [107] while investigating vibrating metal
wires. A theoretical basis was first formulated by Lord Kelvin in the 1850s [108-110]
giving rational explanations for the observed stress-based temperature change. Kelvin
developed an expression for the exact temperature change a material would experience
when subject to an infinitesimal volume change. Thus, the physical foundation for TSA
was laid; the derivation of which is shown in the subsequent section.

The coupling between deformation and temperature is essentially a consequence of
the laws of thermodynamics. In order to maintain an energy balance, the temperature of
an elastically deformed specimen must change if the volume of the specimen changes
without the addition or removal of heat. With the advent of sensitive infrared (IR)
cameras and detectors, the technique of thermoelastic stress analysis could exploit the
thermoelastic property to quantitatively measure the small temperature change caused by
elastic deformation. This small variation in temperature resulting from an applied elastic

loading forms the basis for the thermoelastic stress analysis method.
2.1.3 Thermoelastic stress analysis (TSA)

The TSA method is a relatively new technique that has the capability to provide a full
field noncontact stress measurement. The fundamental TSA relationship was first
proposed by Biot [111] in 1956, building on the theoretical basis laid by Kelvin a
hundred years earlier. Based on previous analysis (Biot [111], Patterson [89]) the
fundamental thermoelastic relation can be derived from first principles, which will be

presented here for completeness. A state function for internal energy and the differential
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form for the internal energy u, which is a function of strain (&;) and temperature (7) is

defined as,

u=u(g;,T), (2.1)
du=(2L) ae, + (au> dT
U= agij gij aoT £i: ' (22)
T ij
Utilizing the 1* and 2™ laws of thermodynamics, the change in internal energy is
written as a result of heat added ¢ and work done on the system w. The differential
change in entropy ds is defined as the differential heat added dg divided by the absolute

temperature 7.
du = dw + 6q (2.3)

5q (5Q)rever5ible
ds T = T (2.4)

One can rewrite the work component by assuming the deformations are quasi-static
and the deformations are small in general. Then, by the principle of virtual work, the

work done by external forces is equal to the strain energy gained by the material,

ow = dw,v = %, (2.5)

where g 1s the stress tensor and o is the density of the material.
At this point, it is necessary to introduce another state variable known as the
Helmholtz free energy. The Helmholtz thermodynamic potential H per unit mass and its

derivative can be written as follows,

H=u-Ts, (2.6)
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dH =du—Tds — s dT. (2.7)
Now, combining the 1* and 2™ laws and the new definition for the work done on the

system, the incremental internal energy can be expressed as,

O-ijdgij
du = 6q + 6w =Tds + T (2.8)

This relation is then combined with the differential form for Helmholtz free energy

(2.7), which simplifies to

_ O-ijdgij

dH s dT. (2.9)

Since H is a function of strain and temperature and an exact differential, one can write

it in the following form, which can be compared to the previous relation,

OH OH
dH=<——>d%+(—J dr. (2.10)
agl’j - oT &ij

Comparing (2.9) and (2.10), the following relations between stress and strain tensors

and between entropy and temperature can be written,

0H
T

ij

0H
= (=) 2.12
® (OT) 12)
The entropy, per unit mass, is taken as a state function of strain and temperature to

obtain the following relation,
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ds=(2) 4 +<aS) dr
S = a{;‘ij . gij aT -y . (213)
Combining this form for the exact differential of entropy with the previous relation

for entropy (2.12) produces the following relation,

0%H 0%H
ds = — 92,07 de;j — 372 dT. (2.14)
&

ij

In order to remove the dependence on H in (2.14), the definition for specific heat at
constant volume (c) has to be introduced. Combining the 2™ law (2.4) and the previous
relation for entropy, (2.12), the following relation is obtained,

3 (Sq) 3 (TdS) 7 (dS) _ 7 0%H
««=\ar), ~\ar), =" \ar), = "\orz) - (2.15)
ij ij ij &;j

The above relation for specific heat and (2.11) are combined to completely remove

the dependence on H from the exact entropy differential (2.14),

1 aO'ij dr
ds = ——| —= deij+cg?. (2.16)

At this point, a constitutive model has to be introduced to proceed any further. In
order to determine the partial derivative of stress and temperature in (2.16), the most
general stress-strain-temperature relation for linearly thermoelastic solids, also known as
the Duhamel-Neumann relation, is utilized.

0ij = Cijri€rr — Bij (T — To) — @;;(M — M)

(2.17)
with i),k 1=123
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where C;jy; 1s the fourth-order elastic isothermal stiffness (modulus) tensor, f;; is the
second-order thermal expansion tensor, ¢;; is the hygroscopic strain tensor, T is the

reference temperature, and M, is the reference humidity. For simplicity, the following

form, which ignores the hygroscopic term, is employed,

0ij = Cijri(py — aiyAT)  where fi; = Cijpy - (2.18)
For the special case of a homogenous isotropic material, the previous relation (2.18)

can be rewritten in the following form,

0;j = 2ug;j + (Agge — yAT)S;; where y = 34+ 2wa. (2.19)
In this well known relation, u and A are the Lamé constants and a is the linear
thermal expansion coefficient. We can now determine the partial differential of the stress
tensor with respect to temperature,

aO'ij _

Equation (2.20) is combined with the entropy relation (2.16), to obtain (2.21).

ds=c, T4 Vs e =c T4 Y 2.21)
S =C T " p ij€ij = Ce T pfkk .

This relationship is integrated, setting s =0 and T = T, as initial conditions to obtain
the following,
Ty, 7Y
s =cclog (T_o) + [—)ekk . (2.22)
Assuming the temperature change is very small compared to the reference

temperature, only the linear term in the infinite logarithmic power series is considered,
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AT 14 AT vy
s=cglog(1+T—)+E£kk =C€T—+;€kk. (2.23)
0 0

The last major assumption is that the process is adiabatic and thus set s = 0 in (2.23)

leading to one form of the thermoelastic relationship,

—_ = __Agkk . (224)

One of the issues in applying the previous relationship is that the specific heat at
constant volume is not a commonly determined property. This relationship is made more
useful by replacing the volumetric strain with a form involving hydrostatic pressure. This
is accomplished by manipulating (2.19) and the stress-strain-temperature relation for

isotropic materials as shown below is obtained,

0ij = Z,ngl‘j + (/’lgkk - )/AT)SU ’
0ij8ij = Z2peyj6ij + (Aew — YAT)S;65

Ok = Zl'l'gkk + (Agkk - ]/AT) 3, (225)

ok + 3YAT  «
Ekk = W = ; (O’kk + 3)/AT) .

By substituting the above relation for the volumetric strain term into the previous

thermoelastic relation (2.24),

(2.26)
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Rearranging terms, the following relation is obtained, and one can notice the
bracketed term is the definition of specific heat at constant pressure (c,), which is a very

commonly reported material property,

AO'kk = —AT

3Ea?T,
P [c 0 2.27)

aTy | ¢ +p(1 -2v)|’
Thus, the commonly used form of the TSA relationship is derived from fundamental

thermodynamics and is valid for homogeneous isotropic materials undergoing elastic and

adiabatic transformations,

p
Aoy, = _ATa_TOCp' (2.28)
Ag, =—ATLC where f = 1,2 2.29
BB aT, P o (2.29)

The basic TSA equation (2.28) predicts a linear relationship between temperature
variation and the variation of the sum of principal stresses with the assumption that the
material properties are constant. Additional assumptions in the derivation are that an
isotropic, homogenous material undergoes elastic and adiabatic deformations [89]. Under
plane stress loading conditions, there are stress terms only in the in-plane directions (1,
2). This modifies the basic TSA equation, as the sum of the in-plane principal stresses is
then linearly related to the temperature variation (2.29), which is the form of the TSA
relationship used in the present work. The adiabatic assumption is enforced by cyclically
loading the sample at a sufficiently high rate. By utilizing the thermoelastic effect and the
basic TSA relationship, one can correlate a measured temperature change at a location on
the sample to the stress variation at that location. In order to apply the thermoelastic

stress analysis method, a thermal signal must be measured and converted to a temperature
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field usually by sensor calibration. Since TSA requires a cyclic loading, the thermal
signal needs to be measured at a rate at least twice the loading frequency in order to
satisfy the Nyquist sampling theorem and accurately determine the amplitude of thermal

variation.
2.1.4 Thermography fundamentals

Thermoelastic stress analysis utilizes temperature changes on a material surface. All
objects above absolute zero (0 K) emit electromagnetic radiation; the intensity of which
is frequency and temperature dependent following Planck’s law. In order to utilize this
radiation as a measurement for temperature, Planck’s law (1.8) is integrated with respect
to frequency producing the Stefan-Boltzmann law (1.9), which states the total energy
emitted is proportional to the fourth power of absolute temperature. At a given
temperature, a unique value for the emitted radiation is obtained and by distinguishing
varying levels of radiation intensity, it is possible to determine the temperature without
physically contacting the body. In practice, a particular sensor and lens combination is
calibrated rather than relying on these theoretical expressions. The calibration involves
fitting measured intensities to known temperatures and then fitting a function. A
commonly used form of calibration function for converting measured signal ‘U’ in volts
to temperature ‘7" in Kelvin is given below. Where R, B, and F are the fitting parameters

r) = m : (2.30)

A trend in Planck’s law shows the emitted radiation intensity peaks at a wavelength

that decreases with increasing temperature; also known as Wien’s displacement law.

Though radiation is theoretically emitted at all wavelengths, the majority of radiation is
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concentrated around this peak wavelength. Each type of infrared sensor technology is
sensitive to only a portion of the infrared (IR) spectrum. The spectrum is usually divided,
arbitrarily, into several regions covering the operating wavelengths for each sensor type.
A common subdivision scheme is Near (0.75-1.4 um), Short (1.4-3 um), Mid (3-8 um),
Long (815 um), and Far (15-1000 um) IR regions. The IR region extends from Near
IR, which is just beyond visible light, often used in fiber optic telecommunications and
night vision systems, to Far IR, which ends at microwave radiation and has applications
in producing terahertz radiation. The band most suitable for a particular application
would have the peak wavelength for that temperature in the spectral range of the sensor.
In order to determine the temperature accurately with a thermographic imaging
system, typically an array infrared camera, the emissivity of the surface must be known.
As two bodies at the same temperature will emit different amounts of radiation if their
emissivities are different. To explain emissivity further, for some given incident radiation
on a surface, the energy can be reflected, absorbed, or transmitted in varying ratios. In an
opaque body, no energy is transmitted, so the reflected and absorbed energy ratios have
to be inversely related. For example, a highly reflective material has a low absorptance.
The emissivity of a body is equal to its absorptance by Kirchhoff’s law [100] which can
be demonstrated if one considers a small body in equilibrium within a large opaque box
that can be considered a blackbody. Since the small body is in equilibrium, the rate of
flux leaving or emitted must equal the rate of flux arriving or absorbing on the body and
therefore the object’s emissivity is equal to its absorptance. The characteristic radiation

intensity for a body at a given temperature and emissivity allows for the true temperature



66

to be determined by an IR camera. Often, a high emissivity coating is applied to a surface
to minimize reflections and allow the assumption of unity emissivity.

Modern cameras benefit greatly from improvements in imaging sensor technology.
The most noticeable improvement came with the replacement of single point scanning
cameras with focal plane array cameras commonly called CCD (charged couple device)
or CMOS (complementary-symmetry metal-oxide—semiconductor) for the sensor
measurement technique. Monolithic sensors built onto a silicon substrate are mostly used
in visible light sensors but a few infrared detector materials such as PtSi, PbS, and PbTe
have been demonstrated. In many ultraviolet and infrared detectors, a hybrid sensor
where a detector structure is mounted to a separate silicon readout is employed. This
gives greater material flexibility and twice the detector surface area, as the readout lines
are not etched in the same surface. Various common infrared detector materials can be
made in this hybrid format such as HgCdTe, InGaAs, and InSb. These sensor materials
have wavelength dependent quantum efficiency curves, for example, indium antimonide
(InSb) is most sensitive between 1-5 um wavelengths (Near to Mid IR).

CCD and IR cameras operate on the same basic principles and the wavelengths they
are sensitive to are fairly close so the size of the optics and general camera proportions
can be the same. The optics are different as they need to be transparent to the wavelength
of light being studied and thus IR transparent lenses are often opaque to visible light and
vice versa. The shutter speed or integration time for digital cameras can be varied quite
dramatically. At high framing rates, a short integration time is required. In order to get
sufficient signals at high frame rates with a CCD camera, samples are often illuminated

by bright external lights or lasers. With an IR camera, the samples temperature is the
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radiation source and thus, in order to get very high frame rates, the sample must be at a
relativity high temperature. The reason one can illuminate the sample with a bright light
to increase the information with a CCD is that the primary method the radiation is getting
to the sensor is by reflection of the visible spectrum off of the sample. With an IR
camera, the radiation is emitted from the sample, not reflected from the surrounding

environment, so a bright external light source could be detrimental.

2.2 Digital Image Correlation (DIC)

2.2.1 DIC fundamentals

There are a number of optical methods for measuring displacement and strain, such as
holography, speckle interferometry, speckle-shearing interferometry, and moiré.
Interferometric techniques are limited in that they require a stable platform and are not
well suited outside the laboratory. The moiré technique is more robust but the fringe
patterns produced need to be analyzed, which can be quite time consuming. The DIC
approach does not have rigid stability requirements and the method is easily automated
and scalable. The fundamental theory in DIC analysis is that the motion of numerous
small subsets is matched in the sequence of images [95, 99]. The DIC method relies on
searching a random surface pattern to track the motion of unique image subsets. The
surface pattern should be of high contrast and random without preferential direction. The
motion of each of these subsets is found via a correlation algorithm comparing the
original image to the deformed one. The precision and accuracy of this tracking method
is influenced by the applied speckle pattern and subset tracking size. Tracking many

subsets allows the full field deformation to be tracked to subpixel accuracy. A key aspect
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of this work is the introduction of digital image correlation (DIC) to provide motion
correction on the infrared data, thus producing higher fidelity thermal images of

deforming samples, which leads to improved TSA results.
2.2.2 Tracking particles with IR camera

In order to incorporate the DIC method for distortion correction of thermal data, a
speckle pattern must be applied to the surface to provide tracking information. A
contrasting speckle pattern in IR can be created by exploiting the thermal property of
emissivity. Incident radiation can reflect from a surface, be absorbed, or transmit through
a surface. The ratio of the energy for each of these modes is given by the reflectivity(p),
emissivity(¢), and transmittance (7), respectively, and must sum to unity. A model for
the total energy that reaches the detector after being transmitted through the atmosphere
is given by (2.31). The radiation (U) can be emitted from the body, ambient (amb)
radiation can be reflected off the body or emitted by the atmosphere (atm) between the

object (0bj) and camera.

Utot = €T Uppj + (1 — &) TUgmp + (1 = 7) Ugem (2.31)
1 1-¢) 1-1)
Uobj = ; Utor — T Usmb ———— Uatm (2.32)

The body is assumed opaque and has no transmittance so the emissivity is € and the
reflectivity is (1 — €). The atmosphere has some transmittance (7) at the wavelength of
interest and does not reflect so the emissivity of the atmosphere is (1 — ). The
conversion of thermal signal to temperature requires the emissivity of the object and

atmosphere be known or assumed. If a uniform temperature surface has two different
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regions of emissivity, in the conversion from thermal signal to temperature one of the
emissivities is applied to the entire surface. This leads to a correct value for temperature
in one region and some error on the other. To find the temperature error resulting from an
error in emissivity, the calibration relation (2.30) and the estimated energy from the body

(2.32) are combined and differentiated with respect to emissivity.

0T 6Uyp;j
T = .
86Uy O¢ (2.33)
B B
Topj = ~ assuming F <
ln( R +F> ln( ) Uob,
Uob] Uobj
(2.34)
0Topj _ B 1 =R  T5y,
6U b R 2_R U b U b B
v () v
6U b Ut t 1 (1 - T)
(SZ_‘ ! EZ‘L(') + £2 Uamb + 2 Uatm
(2.35)
= __(Uobj Uamb)
T2, U Ae
AT = — 220 (1 ——amb ) =2 (2.36)
B UObj &

Relation (2.36) gives the expected error on temperature for an emissivity error, where

Uamp and U,; are the sensor signals which can be determined using the calibration

relation (2.30). When the emissivity error is positive (assumed higher than true) and the
object is cooler than ambient the temperature error is positive in those regions of low
emissivity. As long as the ambient temperature is not equal to the object, there will be

some temperature difference between the two emissivity regions.
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Simply applying a speckle pattern of white spray paint on a base black coating would
provide insufficient information for DIC tracking in IR, as the emissivities of two
standard spray paints are nearly identical. The resulting speckle pattern will have low
contrast leading to poor DIC tracking. In order to perform DIC with an IR camera, the
speckle pattern needs to be applied with lower emissivity paint thus creating a contrasting
speckle pattern in IR even though the surface is at a uniform temperature. A main benefit
of performing DIC on the infrared images is the simplicity of only using a single camera
to obtain both thermal and deformation fields. A separate CCD camera for DIC analysis
in the visual spectrum could be used but geometric and magnification c