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ABSTRACT

Adhesively bonding composite structures have many applications in aerospace,
automotive and submarine industries. The adhesive bonding joints have substantial
advantage over the traditional metallic mechanical bonding joints, such as rivet and welding.
However, the adhesive bonding joints require additional steps of surface preparation and
cleaning to ensure consistent bond strength. In application, the adhesively bonded joints are
exposed to environmental degradation and industrial solvent contaminates. Accordingly, the
assurance of reliability of bonded composite structures requires detailed investigation of the

role of contaminates on bondline integrity.

This dissertation focuses on assessing the contaminates effect on the adhesive
bondline integrity. A combined experimental and numerical framework is developed to study
the contamination effect on the adhesive mechanical properties and adhesive joint strength.
The bondline integrity were examined for a system of adhesive (EA9394) and the carbon-
fiber system (Hexply IM7/8552), after being subjected to different level of exposures to
aviation hydraulic fluids and mold cleaning agents. A testing protocol based on
nanoindentation for initial screening is used to predict the interfacial fracture characteristics
after exposure to contamination. It is found the adhesive modulus and stiffness dropped by
up to 10% for the hydraulic fluid contaminates, suggesting increase of the plastic dissipation
within the bondline. However, the trend for the cleaning agent was not clear since the

modulus drop while its hardness increased.
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Detailed measurements of interfacial fracture toughness are carried out via standard
tests of double cantilever beam specimens, exposed to varying level of contamination. The
tests were carried out in a computer controlled Instron universal testing frame. An optical
based crack propagation measurement technique is developed to in situ monitor the crack
extensions with Sum resolution. It is found that even at the trace level of 3 pg/cm? the
interfacial fracture toughness is reduced by more than 35%. The surface topography of the
fractured interfaces is further examined by surface profilometer. A clear transition from very
rough fractured surface with fiber/matrix pull out, to very smooth fractured surface with
interface failure is observed with the increased level of contamination. This transition of

fracture surface topography testified the proposed cohesive model.

Finite element analysis with cohesive zone model is used to rationalize the
experimental results and understanding the mechanism of contamination degradation. Double
cantilever beam model with various adhesive bonding parameters were tested. The interfacial
cohesive parameters, the adhesive properties and the thickness of the adhesive layer were
examined. The results show the parameters effect on the process zone propagation and the
adhesive bonding toughness. The relation of process zone size and the bondline parameters
were examined and compared with the existing double cantilever beam results. The finite
element work showed that the contamination-induced degradation of the interfacial adhesion

strength is the primary effect in mode I fracture.

To fully understand the contaminations effect on adhesively bonded joints, mode II

fracture test is conduced. Single shear lap test shows the contaminations has softening effect
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could strengthen the adhesive bonding initiation force. Further simulation work shows the
detailed process zone propagation. It is shown that the contaminates effect on the adhesive

matrix hardness becomes the primary effect for the adhesive debonding.



CHAPTER 1 INTRODUCTION

1.1 Background: Adhesive Bonding of Composite Structures

1.1.1 Adhesive Bonding of Composite Structures

In the last 4-decades, fiber reinforced polymer composite structures have been wildly
used for primary and secondary structures in both commercial and military aircrafts, because
they can offer substantial advantages over traditional metallic structures. These benefits lead
to improve performance, significant weight reduction, and reduced manufacturing and
maintenance costs (Cantor, 2005). Adhesive bonding is the preferred joining method for
composite structures to reduce machining induced defects and localized contact stress arising
in riveted or bolted assembly. The adhesively bonded joints can offer excellent fatigue
strength, good sealing and excellent performance in high temperature (Banea, 2009).
Adhesively bonded joints are comprised of adhesive-adherend pair. The proper adherend
surface treatment is critical to ensure reliability of the adhesive joints. The interface of the
bonded joint has been considered as the weak point for adhesively bonded composite
structures. Around 70% of the adhesively bonded structure failures were reported to initiate
at the bondline (Her, 1999; Abdul Razar, 2011). It is essential to have a fundamental
understanding of the interaction between each of the components of adhesively bonded joints
and the response to the history of applied load and the role of environmental degradation.
These correlations are unique to adhesive-adherend pair. To ensure in-service composite
structure reliability, it is essential to study these correlations and the role of environmental

cxXposure.



1.1.2 Type of Adhesive Joints Failure Mode

The adhesively bonded joints typically fail in one of three different modes. Figure 1.1
shows the three failure modes, i.e. substrate, cohesive and interfacial failure. In practice, the
failure of adhesive bonding may have a combination of these three modes of failures. Stress
driven or energy driven failure criteria have been proposed for each failure mode. For
example, the substrate failure is a typical failure for interlaminar shear or peel stress with
weak composite adherend. A simple maximum stress theory was proposed by Adams (1984).
The failure in the composite adherend is assumed to occur when the normal tensile stress
reaches the ultimate strength. This theory regards the interfacial peel stress as the major
driving force to the failure. Other focused on the substrate failure mechanisms with different
layup orientation (Hoyt, 2000; Tong, 1997). For adhesively bonded joints, interfacial failure
is more prevalent. Several phenomenological models were proposed to describe the crack
growth of interfacial failure (Suo, 1993; Tvergaard, 1994; Jacobsen et al, 1998). It remains a
fact that interfacial failure is more complex due to the concurrent interfacial and substrate

failure (i.e. local fiber pull out from the substrate).
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(a) Substrate Failure

(b) Cohesive Failure

(c) Interfacial Failure

Figure 1.1 Failure modes of adhesively bonded joints.

1.1.3 Contaminates and Surface Treatments

The adhesively bonded joints degradation has been studied extensively by brute-force
testing under many service environments, including (i) service temperature (Ashcroft et al,
2001; Kalarikkal et al, 2006), (ii) moisture (Banea et al, 2009; Zhang et al, 1999), (iii)
loading history (i.e. amplitude and frequency of dynamic loads), (iii) thermal cycling (Mandil
et al, 1990; Lee et al, 1996), (iv) exposure to contaminates (Pribanic et al, 2013), and (v)
exposure to radiation (Paulauskas et al, 1996). The complex interplay between these factors
may result in accelerated or delayed failure of the bondline. The challenge remains in
detecting the interfacial progressive damage of bonded structures, and the associated
weakening of interfacial fracture toughness, which may lead to catastrophic failure. For

example, the interface between the matrix and fibers can be weakened by moisture and



temperature (Kinloch, 1983). But the degradation rates are different for different composite
system. This means that the failure mechanism of adhesive bonded joints degradation
depends on the composite system, which is quite different from the well-studied cases like
metal deterioration. There is a lack in both experimental and theoretical study on the

contaminations degradation of the adhesively bonded composite structure.

Surface treatment is another complex and important issue for the adhesively bonded
joints. For general composite, the molded surface is smooth, and the surface energy is low,
which result to weak bonding with adhesives. Contaminates as discussed above is another
damaging factor, which could lower the surface energy. For example, release agents, service
fluids, fingerprints etc. may result in a weaker interfacial strength. Appropriate surface
treatment and cleaning are required before adhesive bonding to modify the chemical
properties or topography of the surface layer. The surface treatments can be categorized into
three types, mechanical, chemical and energetic treatments (Wingfield, 1993). A wide range
of chemical, mechanical, energetic surface treatments have been studied since the application
of composite materials in industry (Kinloch, 1991; Parker, 1982). The effectiveness of
surface treatment also depends on the composite material system. For example, some solvent
could remove a specific type of contaminates or change the surface energy for specific type
of bulk composite materials. Plasma treatment may result in temperature rise and cause
particular composite surface topography change. A proper selection of surface treatment is of
vital to the reliability of the adhesive bonding composite structures. One of the most common
surface treatments for adhesively bonded composite structure is sand blasting. The purpose

of sandblasting is to modify the roughness of the surface. The roughness introduced can



change the failure type from interfacial failure to substrate failure, which leads to
improvement of the bondline toughness. However, it was reported that utilization of
sandblasting to roughen the composite panel may result in matrix damage caused by
sandblasting (Mittal, 1976; Ramanujam, 2007). As discussed above, the proper selection of
the parameters in surface treatment is dependent on the specific composite system. There is

no universal standard of surface treatment for general composite systems.

1.2 Scope of Work

The bondline is the most common place of failure initiation and need to be studied
with great effort. As mentioned above, some researches have shown the composite system
dependency. Moreover, the effect of contaminates on the adhesive bondline is only studied
by specific cases (Xu et al, 2003; Adams et al, 2009). A systematic experimental and
numerical study of the degradation mechanism of the contaminations on bondline integrity
has high value for improvements of the performance of the adhesive bonding composite

structures.

The overall goal of the proposed research is to understand several contaminates effect
on the adhesive bondline integrity and find the relationship between the adhesive bondline
properties with the overall effective adhesive bondline toughness. The specific goals of this
work are

1. Examine the effect of contaminates on the adhesive mechanical properties.
2. Examine the relationship between the adhesive mechanical properties and the

toughness of adhesively bonded joints.



Investigate the associated different failure mechanisms.

Establish the acceptable contaminate level for reliable adhesively bonded joints.

. Develop numerical tools to explore the design space for similar adhesive bonding

system.

Explore the role of the adhesive thickness on the bond joint toughness.

The specific tools to achieve the above goals are:

1.

Utilize nanoindentation to examine the effect of contaminates on the adhesive matrix
mechanical properties.
Fabricate double cantilever beam (DCB) test samples to assess the adhesively bonded

composite joints toughness under different types and levels of contaminates.

. Develop an optical imaging technique to in-situ trace the crack tip during loading of

the DCB specimen.

Utilize the finite element method (FEM) and cohesive zone model (CZM) to
characterize the fracture initiation and propagation in the adhesive interface layer.
Utilize the single shear lap test to characterize the effect of contaminates on the

adhesive joint maximum failure load.

1.3 Material System

1.3.1 Fiber-Matrix Composite Material System

Carbon fiber reinforced composites is a class of extremely strong and light

composites, which has many application in aerospace and automotive industries. The latest



Boeing 787 is built of at least 50% fiber reinforced composites. This carbon fiber reinforced
composites consist of two parts, polymer matrix and carbon fiber reinforcement. The most
intrinsic quality of composites is the anisotropy introduced by the fiber direction. The
anisotropy can be designed to optimize the desired properties with weight benefit. Another
two key advantages of composites are high strength and light weight. According to Ashby
plot, the fiber reinforced composites are the best in the tensile strength per unit weight

(Ashby, 1992).

The composite material system used in this work is Hexcel IM7-G/8552 with Hexcel
W3B-282, representing one of widely-used, aerospace-grade, high-performance carbon fiber.
The HexPly 8552 is a high performance tough epoxy matrix for use in primary aerospace
structures. The prepreg IM7-G/8552 was manufactured by Hexcel Corporation. This
composite system has been used as main landing gear doors for F/A-18 and V-22. When
damage occurs, the new main landing gear doors require adhesive bonding to the main
structure. However, the main landing gear doors are saturated with hydraulic fluids in
service. It is not economically possible to remove all of the hydraulic fluids from the
composite surface before bonding repair. The effect of contamination on the adhesively
bonded joints and the safety contamination concentration level are of vital for the reliability

of this structure.

1.3.2 Adhesive Material

Since synthetic polymeric materials were introduced to bonding composite structures,

it has been a popular adhesive for composite structure, because the polymeric adhesive can



give durable, high bonding performance in aggressive environments, for example high
temperature (Rossi, 1990). There are two groups of polymeric adhesive, thermoplastics and
thermosets. Thermosets are formed by a chemical transformation during curing, which is
thermally nonreversible. The crosslink occurs in the formation of curing. The thermosets
offer obvious advantage over thermoplastic polymeric adhesive, which includes better high

glass transition temperature, chemical resistance (Rossi, 1990) etc.

Two-part thermosetting polymeric adhesive “Loctite Hysol EA9394” is utilized in
this study, representing one of the common adhesives utilized in aerospace polymer-matrix
fiber reinforced composite. It is an amine-cured epoxy paste adhesive with aluminum powder
filler. The adhesive exhibits high toughness and strength at high temperature, and can be
cured at room temperature. In Figure 1.2, scanning electron microscope (SEM) inspection

of the adhesive surface shows a wide range of the filler size (5-50pum).

Figure 1.2 SEM image of Hysol EA9394 adhesive surface



1.3.3 Types of Contaminates

For adhesively bonded joints in composite structures, the strength and durability after
exposure to contamination are of paramount important. Significant efforts have focused on
the characterization of the contamination effect on the adhesive bonding strength.
Contamination chemical aging is one of the mechanisms for contaminates degradation. The
chemical aging occurs during the oxidation of polymeric adhesive and can be characterized
by the debonding of polymer chains (Emanuel, 1987). In polymers, the oxidation reaction
rate can be characterized by free radical mechanism (David, 1983; Schnabel, 1981). The free
oxidation rate depends both on the reacting temperature and the concentration of
contamination. Besides, the structure of polymeric adhesive also affects the degradation rate.
The crystalline structure polymer is very dense and can greatly restrict the diffusion of
contamination into the polymer. Thus, the safety contamination level should be determined
for specific adhesive. The contamination fundamental chemical effect on the polymeric
adhesive will cause the degradation of mechanical properties, such as modulus and hardness.
This effect on mechanical properties can contribute to the effective adhesive bonding

toughness and will be discussed later.

As mentioned above, hydraulic oils are common contaminates for composite
structures in aerospace industry. A class of contaminates representing three types of aviation
hydraulic oils and two types of mold release agent “frekote” have been adopted in this study

as Table 1.1.
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Contaminates

1 Aviation Hydraulic Oil #1 MIL-PRF-87257

2 Aviation Hydraulic Oil #2 SAE AS1241

3 Aviation Hydraulic Oil #3 MIL-PRF-85570

4 Frekote 44 Mold release agent
5 Frekote 700 Mold release agent

Table 1.1 Different types of contaminates

The contamination concentration levels were chosen by MIL STD 1246C, the level C
(3um/cm?) is considered the maximum allowable clean level for repairmen and the level G

(55um/cm2) is the maximum listed in the standard.

1.4 Dissertation Organization

In Chapter 2, a whole set of contaminates (hydraulic oils and frekote mold release
agents) at level J 55pg/cm® is first tested and preliminarily reveal the correlation between the
adhesive hardness and the adhesive bonding toughness trend. Finite element model with
cohesive zone surface is used to understand the effect of contaminates on the process zone. In
Chapter 3, two controlled set of samples exposed to different grades of contaminations are
carefully examined. The degradation of adhesive bonding strengths is correlated with the
surface feature captured by microscope and surface profilometer. In Chapter 4, a parametric
study of the adhesive bonding joints is carried out by finite element model with cohesive
surface. The effects of relevant interfacial parameters and material parameters are
individually studied. In Chapter 5, the adhesive bonding joints are studied by shear test and
double shear lap modeling to reveal the contamination effect in mode II unstable fracture.
Chapter 6 summarizes the work presented here. The appendix presents an independent work
on image processing analysis of fracture surface in forensics that was also part of the Ph.D.

work.
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CHAPTER 2 NANO INDENTATION SURFACE

PRESCREENING

2.1 Introduction

Adhesively-bonded structures provide an affordable and low-cost avenue for
assembly of complex airborne structures. Assuring integrity of these bonded structures
represents a major stumbling block in terms of reliability and assurance of airworthiness.
Reliability of bonded joints has been extensively studied using brute-force testing in many
service environments. However, a difficulty remains that of establishing a failure criterion or
a threshold similar to those for metallic structures. The challenge remains in detecting
interfacial progressive damage of bonded structures and the associated weakening of

interfacial fracture toughness that can lead to catastrophic failure.

This chapter explores the correlation between the degradation of toughness in
adhesively-bonded joints and degradation/changes in measurable mechanical properties of
adhesive (e.g. stiffness, yield strength, and hardness). Nanoindentation will be utilized as an
effective and non-invasive tool for measuring local material properties. Nanoindentation or
depth-sensing-indentation has been applied to a wide range of materials for examining
mechanical properties, such as hardness H and modulus E, at the nano-scale (Doerner et al,
1986; Oliver et al, 1992). The mechanical properties of an adhesive layer with contamination
at level J will be examined and correlated to measured fracture toughness of adhesively

bonded joints for a selected system of adhesive-adherend pairs, using double-cantilever bend
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(DCB) testing. The working hypothesis is explained in Sec. 2.2. Details of sample
preparation and testing are given in Sec. 2.3. Experimental results are given in Sec. 2.4. The
results are rationalized with finite-element simulation of adhesive-adherend pairs with

varying levels of interfacial strength o, and interfacial fracture energy, I'.

2.2 Proposed Hypothesis

Adhesively-bonded joint failure may fail into one of the following modes: (i)
adhesive failure at the adhesive-adherend interface, (ii) cohesive failure within the adhesive
layer, and (iii) substrate failure within the adherend. The highest strength of adhesive-
adherend pair is typically the one exhibiting substrate failure within the adherend. In
polymer matrix fiber-reinforced composite, adhesive-type failure is the typical failure mode
in a compromised adhesive-adherend pair. Accordingly, the central hypothesis of the
proposed work is that, for adhesively-bonded joints, there might be a correlation between the

degradation of toughness and the mechanical properties of the adhesive layer.

At the local scale of a bondline, the toughness of an adhesive layer is typically
characterized by a traction-separation curve (a.k.a. cohesive law), ¢ = a(8), as sketched in
Figure 2.1. In steady state, the area below the curve is the fracture energy, I', a toughness
indicator. The cohesive law is regarded as a material property (for each adhesive-adherend
pair), and is not significantly affected by the thickness of the adhesive layer (within the
commonly used range of 300-400um, Pardoen et al, 2005). Although the cohesive law is
often regarded as a phenomenological model, the mechanisms of each deformation stage can

be clearly identified. Under the low traction at the bondline arising from typical service
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loads, the adhesive deforms elastically and the interface is intact. After the yield strength of
the adhesive oy is reached, the plastic deformation of the adhesive induces a large separation,

while the traction increases slowly.

Plastic Go

Catastrophic
Failure

Figure 2.1 The failure process of the adhesive layer could be
modeled by a material-specific cohesive law o(9)

The increase in traction is due to the combined effect of the increasing hydrostatic
stress in the constrained tri-axial stress state and the strain hardening of the adhesive.
Finally, when the local traction exceeds the interface strengtho,, the adhesive debonds from
the adherend. At point C, the adhesive fully separates from the substrate. For such an energy-
dissipation process to be effective, the interface strength needs at least to be greater than the
yield strength. Otherwise, the plasticity of the adhesive will be entirely shielded, and in this
case the adhesive is regarded as unsuitable for the particular adherend system. At the other

extreme, when the interface strength is stronger than the ultimate strength of the adhesive,
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cracks propagate through the adhesive rather than along the interface; the traction-separation

law takes a similar shape with o, reinterpreted as the ultimate strength of the adhesive.

Clearly, the fracture energy of the adhesive layer is directly correlated with its
mechanical properties. For example, increasing the yield strength (or hardening rate) would
shorten the stage A-B on the cohesive curve and lead to low ductility and perhaps even a
sudden ductile-brittle transition when oy is greater than o,. On the other hand, aging and
environmental contaminants often lead to hardening of most polymer-based adhesives,
accompanied by degradation of the interfacial strength. Both effects reduce the fracture

energy of the bondline.

The measured mechanical properties of the adhesive gy and E, can be correlated to

the measured fracture energy, I' ; using the following argument. According to Griffith

theory (Griffith, 1921), I ; scales with the measured indentation modulus as

E (1)
where £ is a geometric factor of order unity, a is the crack length and o is the

applied remote stress. Accordingly, if contaminates further stiffen the adhesive, ', will

drop and vice versa. To understand the role of the adhesive gy , I' , can be written as the

eff

confluence of the surface or binding energy (energy required to generate new surfaces) y,,

and the energy dissipation through inelastic deformation ¥, such that
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Lo =V W, ()

Utilizing the Irwin approach (Irwin, 1957), the extent of the plastic zone r, , ahead of

the crack tip under SSY, can be expressed as

- (K_] G)
Oy

K. is the critical stress intensity factor. Using Tabor’s approximation (Tabor, 1951;

1986; Atkins et al, 1965), the indentation hardness is usually considered to be an average
measure of the material yield strength in compression (/{ ~ 30, ). Accordingly, the work of

inelastic dissipation within the adhesive layer scales with the measured indentation hardness
1s
1

p p 2
H “

o . 1
To a first-order approximation and foro, >o,, it can be assumed thatl,, ~—-.
°H

Accordingly a contamination induced softening in the bond layer will increasel" .

In summary, the measured oy and E for the adhesive may provide relative trends for

I, , unless overshadowed by significant reduction of o, that may embrittle the adhesive-

eff °

adherend interface.
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2.3 Sample Preparation

2.3.1 Nanoindentation Sample Preparation

A nanoindentation test was employed to measure the hardness and modulus of the
adhesive EA 9394 when attacked by various kinds of contamination. All contaminants in
Table 1.1 have been included in this study. A controlled contamination level of 55pg/cm®
was adopted, representing Level-J contamination according to MIL STD 1246C. The
adhesive Loctite Hysol EA9394 was first pasted on glass slides. The contamination was
adjusted by diluting the contaminants with a volatile agent like Hexane. After establishing
the proper concentration, the diluted contaminate solution was immediately spread over the
uncured adhesive layer, producing a uniform fluid layer with a predetermined height. The
selected diluted solution height will result in the proper contamination level per unit area.
The contamination level has been verified within a few percent by infra-red spectroscopy.
For nanoindentation samples, a layer of the adhesive was spread over a glass slide, then
immediately exposed to the thinned contaminate solution. The epoxy was then cured in an

oven for 2hrs at 90° C (Hysol EA9394 Data Sheet).

2.3.2 DCB Polymer Matrix Composite Sample Preparation

12-ply panels were prepared employing 10 plies of unidirectional prepreg (Hexcel
IM7-G/8552) and a bi-directional fabric (Hexcel W3B-282) woven at 45° on both sides.
Standard fabrication of vacuum bagging and hot-press curing methods were implemented as
shown in Figure 2.3. The cured panels’ surfaces were roughened using 220 alumina grit

blasting under 413.7kPa pressure and an estimated nozzle speed of 136kg/hr. A single pass
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over the panel with a standoff distance of about 0.3m was utilized with a resulting surface
roughness of about 3-4um. It has been shown (Bossi 2005; Dillingham et al, 2003) that such
surface roughness enhances the fracture toughness of the adhesive-adherent pair with
prominent mix-mode (fiber pull-out) failure. After surface treatment, the panels were rinsed
with water and flushed with Hexane for degreasing. The samples were then cured at 90°C for
2hrs at a heating rate of 15°C/min and a cooling rate of 15°C/min according to NAVAIR 01-
1A-21, Sec. 6-7a (2). After the cleaning, a measured dilute contamination was uniformly
applied to the composite surface. The adhesive paste was spread on the other surface pair, a
125um thick Teflon film of 50mm width crack starter. A 250pum shim was inserted around
the edge of the panel to maintain the adhesive bond thickness. The two panels were
assembled and pressed under 34kPa pressure at room temperature (22°C) for 16 hrs. A final
rapid cure was applied for 2hrs at 90°C in an autoclave furnace. The assembled panels were
cut into 1” X 8” samples and aluminum blocks are glued to the ends of the specimens for

load transfers. The final DCB sample was as shown in Figure 2.4.
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Figure 2.2 (a) The hot-press for laminate manufacturing; (b) A typical composite laminate
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Figure 2.3 The thermal cycle for the fabrication of an IM7/8552 composite laminate.
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Figure 2.4 Optical image showing the geometric details and dimensions of a DCB specimen.

2.3 Nanoindentation Test Results

The contaminated adhesive was indented from 1000uN to 6000uN at 1000uN
intervals. The contact depth was Sum. Figure 2.5 shows a comparison of the load-

displacement curve of reference, hardening, and softening effects.
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Figure 2.5 The indentation load-displacement curves for the adhesive layer with various
contaminates at 55pg/cm’
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From the theoretical work of Oliver and Pharr, we can calculate the modulus and

hardness of the tested material by curve-fitting the unloading curve.

xS

E =22
r 2\/2
g_ar

dh (5)

The results are shown as Figures 2.6 and 2.7. From the results, we can notice that the
#1 and #2 hydraulic oil has little effect on the adhesive matrix, #3 hydraulic oil has a

softening effect on the adhesive EA9394, and Frekote produces a small increase in hardness.
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Figure 2.6 The nanoindentation modulus for the adhesive layer with various contaminates at
55ug/cm’
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Figure 2.7 The nanoindentation derived hardness for the adhesive layer with various
contaminates at 55pg/cm’

Equation 4 indicates that a reduction in measured hardness or a softening degradation
due to contaminant interaction with the adhesive resin will increase the plastic dissipation
zone ahead of the crack tip. Such a trend indicates an increase in the plastic dissipation work
in fracture toughness. And the hardening effect of Frekote could shrink the plastic zone size
and further degrade the effective adhesive bonding toughness. By equation 4, the change of
adhesive hardness by contamination can be correlated to the change to the adhesive bonding
toughness as in Figure 2.8. However, the trend predicted here deduced from the indentation
results can only indicates the comparatively trend between contaminations at the same
concentration level. Further DCB test will directly measure the bondline toughness

degradation by contaminations.
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Figure 2.8 The adhesive bonding toughness trend predicted by the nanoindentation measured
hardness according to Equation 4

In summary, to understand the effect of contaminants on bondline, a nanoindentation
test was used to evaluate the mechanical characteristics of contaminated adhesives. The
nanoindentation test gave some insight on the effect of contaminations on bondline
toughness. For example, according to the nanoindentation test, the frekote has a greater
hardening effect on the bondline than does hydraulic oil #3, which implies that frekote may
produce more severe degradation on bond-line strength. However, the accurate bond-line
strength after contamination will be determined by direct measurement using the double-

cantilever beam test.
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2.4. DCB Fracture Toughness Measurements and Results

2.4.1 Experimental Methods

The double cantilever beam tests were carried out in a computer controlled servo-
electric testing frame (Instron8800) with a load cell. These tests were performed with
displacement control for stable crack propagation. All force-displacement data were recorded
during loading samples. After the DCB samples were fastened onto the machine, an optical
microscope camera was located ahead of the samples to trace the crack tip. The resolution of
the digital images is 30um/pixel. About 400 images were collected for every DCB sample
test and analyzed using a developed Matlab program. The error in the estimated crack length
is about 15um, or about 0.1% of the measured crack length. To obtain a sharp crack tip, the
samples were initially loaded because the crack tips were blunt after manufacturing. With a
loading rate of 0.02mm/s, the sample was first loaded until a crack started to propagate along
the bondline. The sample was then unloaded at a rate of -0.2mm/s until the load decreased to
zero. During the second step of reloading, force, crosshead displacement, and in-situ digital
images of the sample were simultaneously recorded. DCB tests were repeated on three

identical samples to collect consistent data.

For a DCB specimen with end block, the head of the beam is stiffened by the end
blocks. So a correction should be involved to the end block effect. Another correction should
be considered is the large displacement correction if the specimen opening length is larger
than specimen thickness. According to Standard ASTM D5528, the energy release rate G for

a DCB specimen is
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F is the large-displacement correction and N is the end-block correction. The width of
the sample b was taken to be the average width of three points. The crack length @ was the
horizontal length from the center of the end block to the crack tip calculated from digital
images. L is the half-length of the end block, ¢ is the thickness of the DCB sample, and P and
o are the load and displacement applied on the DCB sample. The value of bond-line

toughness is equal to the steady-state energy release rate.

2.4.2 Results and Discussions

Three identical samples were tested at Level-J contamination of 55ug/cm2 (MIL STD
1246C). Figure 2.9 shows three typical cases of the force-displacement data and the
corresponding calculated energy release rate. The results show varying adhesion energy
degradation. The worst were the Frekote with about 7% residual adhesive fracture toughness.
The best contaminant was Hydraulic fluid #3, although it did not attain more than 30% of the
adhesive fracture toughness. A summary of the measurements is given in Table 2.2 and
Figure 2.10. We speculate that the applied contaminants contribute to the shielding of the

process zone, which is the main reason for bond-line strength degradation.
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Figure 2.9 DCB test results: (a) Force-displacement curves; (b) The measured fracture energy
release rate (reference, No.3 hydraulic oil at 55pug/cm?, frekote 44 at 55ug/cm?).

Ra G STDEV | Residual | Failure Type

(pm) | (md) | @/md)
Unexposed 4.98 685 75.5 100% Mixed
#1(55pg/cm?) | 4.84 115.6 30.3 16.9% Adhesive Failure
#2(55pg/ecm?) | 5.51 133.8 13.8 19.5% Adhesive Failure
#3(55pg/cm?) | 4.13 206 94.1 30.1% Adhesive Failure
Frekoted4 591 50.3 18.3 7.3% Adhesive Failure
Frekote700 4.16 63.8 93 9.3% Adbhesive Failure

Table 2.1 Summary of the fracture toughness measurement for different contaminates
highlighting the several chemical degradation of the adhesive strength
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Figure 2.10 Summary of the fracture toughness measurement for different contaminates at
Level-J (55pg/cm?) highlighting the severe degradation of the adhesive strength.

The DCB results show a similar trend to those of the nanoindentation results. A
contaminate, such as Frekote, has a hardening effect on adhesive that could cause more
degradation on bond-line toughness and vice versa. Considering that the five contaminants
applied on the bondline at the same level and #1 hydraulic oil have little effect on the
adhesive matrix, we use #l oil as the standard in plotting a comparison of the
nanoindentation prediction and the DCB measurements, as shown in Fig. 2.11. For five
contamination cases, the DCB measured bond-line toughness and the hardness were

normalized by #1 hydraulic oil. From Equation 4, the nanoindentation predicts a bond-line
toughness change with I' ~ % From Figure 2.11, though the nanoindentation could show

the same trend as the contamination effect, the actual contamination effect on toughness was
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more significant than that predicted by nanoindentation. The reason of the discrepancy may
be attributed to the combination effect of hardness and the surface properties change. The
fiber bridging zone, which is main feature in the adhesively bonded composites fracture, is
not involved in the adhesive hardness prediction. To reconcile the discrepancy, finite-element
modeling was used to determine the mechanism of the contamination degradation effect. The

data from this work was used to develop a cohesive element in numerical simulation.
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Figure 2.11 Summary of the residual fracture toughness at Level-J (55pg/cm?) for different
contaminates type

2.5 Role of Adhesion and Plastic Dissipation with FEM Analysis

and Discussions

Finite-element analysis (FEA) has been widely employed to predict bond strength of
adhesion (Song et al, 2006; Kafkalidis et al, 2002; Hua et al, 2008). A cohesive element with

separation law has proven to be a successful tool for simulating the bonding break (Lane et
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al, 2000). Theoretical and numerical studies of interface toughness of a thin-layer bond have
been presented by Hua and Tvergaard (Hua et al, 2008; Tvergaard et al, 1994) and these

studies give a solid foundation to the double-cantilever beam test.

For simulating crack growth in the model, the cohesive surface element was applied
between the adhesive layer and the composite substrate. The cohesive surface is an interface

element with zero thickness. The constitutive relationship of this criterion is as Figure 2.12:

g

racture energy I’

Figure 2.12 Schematic diagram of the phenomenological traction separation law of cohesive
surface element

The constitutive curve describes the failure behavior of the cohesive element. The
area under the constitutive curve is the intrinsic fracture energy of the cohesive element,
corresponding to the interfacial fracture toughness. The traction separation law is determined
by three independent parameters: k, oy, /. In our work, the stiffness k& of the cohesive
behavior was calculated from modulusk = Et, where ¢ is the element size. The interfacial

fracture energy was determined from the total effective fracture energy and the critical force
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was determined from the fracture initiation force. The parameters used in this study are

shown in Table 2.2.
Reference-no contamination | Level J contamination
Stiffness K (N/mm) 3e6 3e6
Maximum stress ¢ (MPa) 135 60
Interfacial fracture energy G | 250 50
(J/m?)

Table 2.2 The cohesive surface parameters used in the FEM simulation

The bond-line toughness was defined at a time when the total energy release rate
reached a plateau. The sensitivity of the macroscopic fracture process to intrinsic cohesive
behavior was clear, as shown in Figure 2.13. From Figure 2.14, it can be seen that the plastic
dissipation portions are predominant in affecting total fracture toughness. Further
examination of the plastic zone shows that the plastic zone size in reference model 1 is

0.06mm, while it deceases almost to zero at Level J-55pg/cm®.

From the simulation, we can conclude that the total fracture energy is composed of
two parts; one comes from the intrinsic fracture surface energy and another larger one is
dissipated by the plastic work during the crack growth. Notice that the process zone was
dramatically reduced by the decrease in interfacial fracture toughness; we conclude that the
contaminations attacking the bondline would not only affect the adhesive properties, but also
the decrease in interfacial fracture energy would further shield the plastic dissipation. Such
an interfacial shielding effect could explain the discrepancy between the DCB results and the

nanoindentation prediction.
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Figure 2.13 Comparison between FEM results and the experimental data for reference and
hydraulic oil #1@55pg/cm®.
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2.6 Conclusions

To understand the effect of contaminants on adhesive bonded structures, nano-
indentation test was used to evaluate the modulus and hardness of the contaminated
adhesives and Mode I DCB test was used to measure the fracture toughness of the
contaminated bondline toughness. The nanoindentation test showed the softening effect on
the adhesive EA 9394 by hydraulic oil #3 and the hardening effect by frekote 44 and 700,
and the energy release rate calculated from DCB test shows only about 13% bond strength
left after various contaminants. The nanoindentation data can give some hint about the
qualitative degradation level. The frekote, which has hardening effect on adhesive, has more
severe degradation on the bondline than hydraulic oil #3. The data from experimental work is
used to develop a cohesive element model in numerical simulation. Further simulations
successfully showed the interfacial shielding effect of contaminants on the bond-line strength

and fracture process.
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CHAPTER 3 DOUBLE CANTILEVER BEAM TEST

3.1 Introduction

Many researchers have examined a great number of complex and synergistic factors
that may affect the reliability of the bondline (Banea et al, 2009). Bond-line contaminations
(Crane et al, 2008) and joint-surface pretreatment (Jone, 1991; Chin et al, 1996, Smith et al,
2007) have been found to be the principal factors. Surface treatment methods on composite
surfaces (for example sand blasting, plasma cleaning (Davies et al, 1991), peel ply (Kanerva
et al, 2013)) were proposed for improving bonding toughness (Dillingham et al, 2013).
Adhesive-bonding-joint failure has three modes: 1) adhesive failure at the adhesive-adherend
interface; ii) cohesive failure within the adhesive layer, and iii) substreate failure within the
adherend. Some studies have found that surface treatment can change the failure mode to
improve bonding toughness. A too-roughened surface leads to cohesive failure or substrate
failure, and a surface not roughened enough leads to a low estimation of degradation of
bondline toughness. According to research at Boeing (Bossi et al, 2005), 3-4um roughness

gives a proper level of bonding strength with stable fracture propagation along the bondline.

The double cantilever beam test was first introduced for fracture toughness
measurement in 1966 (Mostovoy et al, 1966). The DCB tests have also been used to study
the static, dynamic, fatigue and environmental loads on adhesive bonding strength (Joseph et
al, 1993; Rakestraw et al, 1995; Rao et al, 1995). The fracture energy of adhesively bonded
joints can be determined by the quasi-static DCB test with compliance method according to

ASTM Standard D5528. One of the assumptions for the standard is the elasticity of the
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cantilever beam. Thus the plastic work only happens in the adhesive layer and the bondline.
In this chapter, double-cantilever beam test is used to measure the bond-line toughness of

adhesively bonded joints with different level of hydraulic oil.

The composite structure is composed of 10-ply Hexcel IM7-G/8552 composite and
Loctite Hysol EA9394 paste adhesive was used to bond two composite cantilever beams.
Aviation hydraulic oil is a commonly-found substance in service environments and must be
cleaned off before composite repair. Various levels of aviation hydraulic oil were examined
to determine the role of contamination exposure level on bond-line toughness. The resulting
DCB data and fracture surface roughness is carefully examined to determine the underlying

mechanism of the fracture process.

3.2 Materials and Sample Preparation

3.2.1 Materials
According to the degradation mechanisms proposed by David (David, 1983;

Schnabel, 1981), the diffusion rate of the contamination in the polymeric adhesive depends

on the temperature and the concentration level.

In this chapter, the effect of contamination levels on the adhesive bonding toughness
was directly measured by DCB test. Aviation hydraulic oil #1 was chosen (MIL-PRF-87257)

as contaminant applied at the adhesive bondline. Chapter 2 showed that #1 oil has no effect
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on the mechanical properties of selected adhesive EA9394. In accordance with maintenance

standard (MIL STD 1246C), the contamination levels in Table 3.1 were selected.

Contamination level | Surface concentration
A 1 um/cm’

C 3 ym/cm’

G 10 pm/cm’

J 55 pm/cm’

Table 3.1 The contaminates concentration levels

3.2.2 Sample Preparation

ASTM D5528 is a sophisticated standard protocol for mode I DCB testing. In
accordance with that standard, the sample laminates were made of 10-ply stacked
unidirectional prepreg (Hexcel IM7-G/8552). Additional one-layer bi-directional woven
fabric (Hexcel W3B-282) was used as a cover layer at 45° on both sides. Standard fabrication
methods of vacuum bagging and hot-pressing curing methods were used. The cured
composite were roughened using 220 alumina grit under 413.7kPa pressure and an expected
nozzle speed of 136kg/hr. A single pass over the panel with a stand-off distance about 0.3m.
The resulting surface roughness was about 3-4um. Figure 3.1 and Figure 3.2 show the
composite surface before and after the sandblasting. Figure 3.3 shows the surface roughness
as determined by a Zygo profilometer. After surface treatment, the composite were rinsed
with water and wiped with Hexane for degreasing. Then the samples were cured at 90°C for
2hrs at a heating rate of 5°C/min and a cooling rate of 5°C/min (NAVAIR 01-1A-21, Sec. 6-
7a (2)). After cleaning, measured dilutions of hydraulic oils were uniformly applied on the
roughened composite surfaces. The adhesive was spread onto another sand-blasted composite

surface and a 125um thick Teflon film of 50mm width was inserted as a crack starter. A

250um shim was inserted around the edge of the panel to support the adhesive bond
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thickness. The supported shim was used to keep the adhesive layer thickness under curing
pressure. The two-composite panel was assembled and stacked under 34kPa pressure at room
temperature (22°C) for 16 hours. A round fixture was used to apply even pressure, as shown
in Figure 3.4. A subsequent curing step was applied for 2 hours at 90°C in an autoclave. The
glass transition temperature of the cured adhesive is around 82°C. The thickness of the
adhesive layer was around 0.4mm measured after bonding. The spill-out of the adhesive from
the specimen edges were cut out. After curing, the composite stack was cut into 1” X 8”

pieces. Aluminum end blocks for load transfer were glued to the ends of the specimens.
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Figure 3.1 An optical image of the composite panel surface before sand blasting
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Figure 3.3 The surface topology of a composite panel after sandblasting, roughness is
4.839um
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Figure 3.4 The Compression fixture for DCB sample assembly

3.3 DCB Fracture Test Protocol

3.3.1 DCB Testing

The double-cantilever beam tests were carried out in a computer-controlled servo-
electric testing frame (Instron8800), as shown in Figure 3.5. These tests were performed with
displacement control for achieving stable crack propagation. Figure 3.6 shows a typical
loading process for the experiment. Because of the blunt crack tips after manufacture, the
samples were initially loaded to obtain a sharp crack tip, with a loading rate of 0.02mm/s, the
sample was first loaded until a crack began to propagate along the bondline. Then the sample
was unloaded at a rate of -0.2mm/s until the load dropped to zero. If the plastic deformation
had occurred in the composite cantilever beam, the force-displacement curve would not

return to the origin. From the load-displacement data in our work, the force-displacement
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curves did return to the origin, which indicates that all of the cantilever beam deform pure
elastically. During the second step of reloading, force, crosshead displacement, and in situ
digital images of the sample were simultaneously recorded. The DCB tests were repeated on

three identical samples to collect consistent data.

Figure 3.5 The DCB expertimental testing setup, showing the loading bloacks
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Figure 3.6 Experimental force-displacement curve for a DCB test, showing the initiation
stage (red) and the propagation stage (green). (Reference-no contamination)
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3.3.2 In-situ Measurement of Crack Tip Length

For calculating the energy release rate through the compliance method, in-situ crack-
tip length was measured through image processing. During the test, an optical microscope
camera was located ahead of the samples to trace the crack tip. The resolution of the digital
images was 30um/pixel. About 400 images were collected for every DCB sample test and
analyzed using a Matlab program developed for crack length measurement. The Matlab
program transforms the image into binary code, and then located the crack zone in the image.
In the crack zone, the number of pixels from the left end to the crack tip is measured and
converted into length. Figure 3.7 is a typical image processed by the program. The error in
the estimated crack length is half pixel, about +/-15um, or about 0.05% of the measured

crack length.

Figure 3.7 Matlab image processing output for a DCB sample (white bands), showing the
original opened crack flanks (black wedge) and the trace of the crack tip as it propagates
(white central line).
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3.3.3 Fracture Energy Calculation

According to Standard ASTM D5528, the energy release rate G for a DCB specimen

is
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F is the large-displacement correction and A is the end-block correction. The width of
the sample b is taken as the average width of three points. The crack length a is the
horizontal length from the center of the end block to the crack tip calculated from digital
images. L is the half-length of the end block, t is the thickness of the DCB sample, and P and
o are the load and displacement applied to the DCB sample. The value of bond-line

toughness is equal the steady-state energy release rate.

As the load versus displacement curve start to deviate from linearity, the loading
reaches the initial energy release rate Gj. After the sufficient crack advanced, the energy
release rate becomes stable and the specimen reaches the steady state energy release rate Ggs.

The steady state energy release rate is used to evaluate the adhesive bonding toughness.
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3.4 Results and Discussions

3.4.1 The Surface Treatment

Over years, researchers proposed several theories to provide an explanation for
understanding the mechanisms of the adhesive adhesion. However, none of the theories can
individaully give a full understanding of adhesion phenomenon. Mechanical interlocking is
one of theory to explain the mechanism of adhesion proposed by McBain and Hopkins
(McBain et al, 1925). They believe that the mechiancal interlock could prevent the adhesive
from being peeled off the surface. The interlock occurs when a liquid adhesive flow into the
surface pores and solidify. Some researchers found that the porous surface did improve the
adhesion strength (Venables et al, 1979). In general, the roughening of the surface could
results in a increased surface area. And the increased effective surface enhance the surface
energy between the adhesive and adherend. However, it should be noted that some researcher
also found that smooth adherend surface can give good adhesion for certain materials (Mittal,
1976). Sand-blasting is commonly used to increase the roughness of the surface and also to
remove some contamination from the surface. Some researchers have found that increasing
the surface roughness to about 4um shifts the failure from the adhesive/adherent interface to
a substrate failure of the adherend with possible fiber pull-out (Bossi, 2005). Such a shift in

failure mechanism would greatly increase the bond-line fracture toughness.

For evaluating the effect of sandblasting, typical load-displacement and bond-line
toughness are shown in Figures 3.8 and 3.9. From these results, it is clear that the sand-

blasted surface can provide better bonding tougness and stable crack propagation for the
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selected composite system IM7/8552. The original smooth-molded surface, as expected, has
low bond-line toughness because of its low surface roughness, leading to an unstable break.
After DCB samples break, close examinations of the fracture surfaces show typical mixed-
mode failure for the sandblased surface and clean interfacial failure for the smooth surface.
The reason for the transition of the failure mode could be explained by the interlock
mechanism. The surface roughening increases the roughness Ra from 1um to 4um. Thus, the
micro-pores on the surface can increase the surface energy and prevent crack from unstable
propagation. From these results, we felt that 3-4pum roughness was suitable for the composite
system under study and we used sand-blasting in this work to evaluate effects of contaminant

on the surface-bondline.
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Figure 3.8 Experimental force-displacement curve for a DCB test and the corresponding
fracture energy for a of sand blasted surface.
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Figure 3.9 Experimental force-displacement curve for a DCB test and the corresponding
fracture energy for the as pressed “smooth” composite panel surface.

3.4.2 Role of Contamination Levels A, C, G, J

In real application, the acceptable concentration level of contamination is critical for
the reliability of the adhesive bonding structures. A sophisticated standard of concentration
levels is required to guide the manufacturing and repairmen process. In this segment, we will
measure the bondline degradation by contamination for establishing a standard. And the

contamination concentration is connected to the bondline strength by cohesive zone model.

The role of hydraulic fluid #1 MIL-PRF-87257 was further explored at levels A, C, G
and J. It was found that even level-C (3ug/cm?), previously considered to be a safe level,
could result in significant adhesion-strength degradation, Summaries of the force-
displacement curves and the corresponding calculated adhesion-fracture toughness are given
in Figures 3.10-3.13. Figure 3.15 summarizes the calculated fracture toughness for each

contamination level. The insert images show the transition from fiber-pull-out failure
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mechanisms at the reference state to bond-line failure at level J. Table 3.2 summarizes the

experimental measurements.
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Figure 3.10 Force-displacement curves and the corresponding fracture energy release rate for
the hydraulic fluid #1 @1pg/cm”
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Figure 3.11 Force-displacement curves and the corresponding fracture energy release rate for
the hydraulic fluid #1 @3pg/cm’
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Figure 3.12 Force-displacement curves and the corresponding fracture energy release rate for
the hydraulic fluid #1 @10pg/cm’
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Figure 3.13 Force-displacement curves and the corresponding fracture energy release rate for
the hydraulic fluid #1 @55pg/cm®

G(J/m?)
L 1000 -
40 B Reference Reference
3 800
r Level A I | Level A
L . -u
30f I H' ! l 1!- g Y
E i Level C 600 - [ J \ 1
< | F i
§ i Level G I ! 4 ; Level C
s*or 400} 5 It
= I I~ ]
i Level J | jgrd{ A4 Level G
or 200 é{ ’
Level J
r P | s i AT
0 L1 Ll L1 AR I U I W WS N N F|
0 10 20 30 %O 60 70 80 90 100 110 120 130 140

displacement(mm) cracklength(mm)



49

Figure 3.14 Force-displacement curve and fracture energy for the A, C, G, J level of
hydraulic oil #1
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Figure 3.15 Role of #4 hydraulic oil contamination levels on adhesion strength for hydraulic
fluid #1. The insert shows the transition from fiber pull-out to bond-line failure

Contamination | Ra(um)| G (initiat.) |G (Steady S.)| Residual
Level (J/m?) (J/m?) Strength
None 4.979 750 713 100%

1 pg/cm? 4.839 675 700 98.18%
3ug/em? 5.507 500 463 64.94%
10pg/cn? 4.128 310 350 49.09%
55ug/cm? 5.907 150 101 14.17%

Table 3.2 Summary of the fracture toughness measurements for different levels of hydraulic

fluid #1



50

From the load-displacement curve in Figure 3.16, it is interesting to note that, at the
beginning of the crack initiation, the shape of the curve has a transition from a round shape to
a sharp drop. The rounded shape crack initiation indicates plastic deformation in the adhesive
layer, because the force drops while the crack length stays the same. This transition shows
that the plastic energy dissipation shrinks with increasing contamination level. The round-
shape crack initiation indicates the presence of plastic flow. We can thus conclude that the
contamination can not only decrease the surface energy but can also cause the plastic zone to

shrink. Further examination of the fracture surface shows consistency with this conclusion.

Cohesive zone model proposed in chapter 2 is a phenomenological model for
mathematically describing the relation between crack opening 6 and the local stress ¢ during
fracture process. Through this mathematical description, we can connect the contamination
effect on the adhesive bondline to the macroscopic adhesive bonding toughness. Some
researchers have studied the cohesive zone model with different shapes. Details of the
cohesive zone shape will be discussed in Chapter 4. In this work, we utilize the triangular
shape cohesive model to simulate the fracture process of adhesive bondline, which has three
parameters. There are several methods to experimentally determine the cohesive parameters
for cohesive zone model (Budiansky, 1988; Hutchinson, 1990; Cox, 1991; Bao, 1993). Since
too many micro-mechanisms occur in the debonding procedure, it is more efficient to use
phenomenological parameters. Kaute proposed a direct method to measure the cohesive law
parameters for fiber cross-over (Kaute et al, 1993). He analyzed the fiber pull-out mechanism

and determined the cohesive parameters by the properties of fibers, matrix and their
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interface. Some researchers calculated the cohesive parameters through experimental
measurement of crack growth resistance and the crack tip opening based on an application of
the J integral (Suo, 1992; Sorensen, 1998). In this work, we will use another
phenomenological method to determine the cohesive parameters for different contamination

concentration levels.

Through the DCB experimental results, we have found that there are several critical
parameters characterizing the fracture process, which is the stiffness of loading, crack
initiation force and fracture toughness. The contamination concentration levels can affect two
of the three parameters, which are the crack initiation force and the fracture toughness. The
stiffness of loading is determined by the composite beams, not affected by the contamination.
And the cohesive zone model has three parameters, which are the stiffness k, cohesive
strength oy, cohesive energy yo. The cohesive stiffness can be determined by the stiffness of
loading and the element size (Matous, 2008). And it is constant for different concentration of
contamination. The effective fracture toughness of adhesively bonded joints can be
predominantly affected by cohesive energy yo (Hutchinson, 1992). And the cohesive strength
is the maximum stress of cohesive law. The bonding stress will start to drop after the local
stress reaches this limit. Thus the cohesive strength has influence on the crack initiation
force. The two most important parameters (G, o) characterizing the cohesive zone model
have two corresponding independence experimental parameters (crack initiation force and
the effective fracture toughness). We can determine the cohesive parameters through the

experimental data by estimation and data alignment.
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Figure 3.16 The experimentally measured (a) F-d curve and (b) the crack extension as a
function of cross-head displacement for a sample exhibiting ductile crack tip initiation (#1
hydraulic oil @ 1ug/cm?).

The fracture morphology screening of the composite surface pair is shown in Figures
3.17-3.23. Figure 3.18 and Figure 3.19 show typical ductile-fracture surfaces, while Figure
3.22 and Figure 3.23 show typical brittle-fracture surfaces. Compared to the brittle-fracture
surface the ductile-fracture surface has larger areas of fibers, with sharp features. Also, the
height difference of the ductile-fracture surface is high, indicating that the adhesive
deformation is large during debonding. The brittle-fracture surface is much flatter and has
fewer pull-out fibers. Fiber pull-out exhibits larger process zone size and higher resistance to
fracture. This ductile-to-brittle fracture morphology transition is consistent with the
hypothesis proposed in Chapter 1. In the ductile fracture, the interfacial adhesive strength is
stronger than the yield stress, so the adhesive exhibits a large amount of plastic deformation
before debonding. By applying a higher concentration level of contaminant, the interfacial

adhesive strength is weakened. Once the interfacial adhesive strength drops below the yield
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stress of the adhesive, plastic deformation of adhesive disappears. Thus, the contaminant,

which has a hardening effect on the adhesive, has more chance to create catastrophic failure.

Figure 3.17 3D surface rendering of the pair of the fracture surfaces (a, b). (c) A 2D line
profile from a corresponding line on both surfaces showing the extent of local plastic
deformation (Reference uncontaminated sample).
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Figure 3.18 3D surface rendering of the pair of the fracture surfaces (a, b). (¢c) A 2D line
profile from a corresponding line on both surfaces showing the extent of local plastic
deformation (#1 Oil @ 1pg/cm” contaminated sample).

Figure 3.19 The DCB sample pair showing the final fracture surface (#1 Oil @ 1pg/cm®
contaminated sample).
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Figure 3.20 3D surface rendering of the pair of the fracture surfaces (a, b). (c) A 2D line
profile from a corresponding line on both surfaces showing the reduction of local plastic
deformation (#1 Oil @ 3pg/cm” contaminated sample).
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Figure 3.21 3D surface rendering of the pair of the fracture surfaces (a, b). (c) A 2D line
profile from a corresponding line on both surfaces showing the reduction of local plastic
deformation (#1 Oil @ 10pg/cm? contaminated sample).
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Figure 3.22 3D surface rendering of the pair of the fracture surfaces (a, b). (c) A 2D line
profile from a corresponding line on both surfaces showing the reduction of local plastic
deformation (#1 Oil @ 55pg/cm’ contaminated sample).

ki e S BRUE ST, L S i h LT 51 s o i s

Figure 3.23 The DCB sample pair showing the final fracture surface (#1 Oil @ 55pg/cm?
contaminated sample).
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3.5 Conclusions

To achieving a reliable adhesive-bonding joint, it is very important to understand the
effects of surface pretreatment and contamination concentration level effect on bonding
surfaces of composite materials. In this work, a Mode I DCB test was used to measure the
fracture toughness of the adhesive-bonding structures with different levels of contaminant.
From these results, the sand-blasting to 4um was found to be suitable for the current
composite system (Hexcel IM7-G/8552) because it gives a high bonding strength with stable
crack propagation. On the sand-blasted surface, different levels of contamination were
applied. The contaminated adhesive bonding toughness was measured by mode-I DCB test.
From the measured bond-line toughness and the fracture surface characterization, we
conclude that a contaminant at level C is not adequate for achieving safe and reliable
adhesive-bonding joints. The plastic zone size is considered to be the critical factor in
achieving adhesive-bonding joint toughness. Applied contaminants contribute to decreased
interfacial fracture energy. When the interfacial critical stress was weakened by these
contaminants, the process zone shrunk. In mode I fracture, the plastic dissipation drops
significantly because of the interfacial shielding effect, the primary effect leading to
adhesive-bond strength degradation. The experimental results were further analyzed to find

the cohesive zone parameters.
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CHAPTER 4 FINITE ELEMENT ANALYSIS MODELING

DOUBLE CANDTILEVER BEAM TEST

4.1 Introduction

From the continuum viewpoint, fracture is the formation of new surfaces in the body.
Linear elastic fracture mechanics has been proven to be useful for brittle fracture. Energy-
based failure theory introduced by Griffith (1921) formed the foundation for linear elastic
fracture mechanics. Irwin observed that the stress field near crack tip in isotropic linear
elastic materials is similar for all geometry and loading conditions (1957). The crack tip
opening stress and displacement field were deduced and connected to the fracture energy.
However, in practice, the adhesively bonded joints undergo non-linear phenomena, for
example plasticity. Further, the linear elastic fracture mechanics has an intrinsic restriction,
small scale yielding, which is not met in the fracture process of adhesively bonded joints.
The crack propagation with these pre-existing flaws has multiple complex damage
mechanisms (Fleck 1992). The non-linear cohesive zone mechanics was first presented by
Dugdale (1960) and Barenblatt (1962) for avoiding the inconsistency of infinite stresses at
the symmetric crack tip in homogeneous isotropic materials. Recent developments in finite-
element analysis have led to widespread numerical use of the cohesive zone model
(Needleman, 1994). Cohesive-zone models have successfully characterized fracture failure in

metals, polymers, and crystals (Song et al, 2006; Kafkalidis et al, 2002; Hua et al, 2008).
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The key idea of the cohesive-zone model is introducing a finite-length cohesive area
as the interface to avoid singularity by modeling the crack tip as a finite cohesive zone. The
cohesive-zone model has been used to study both linear fracture mechanics and non-linear
fracture mechanics, especially in laminated composite (Fleck et al, 1991). It has been proven
that the parameters of the cohesive zone model can be determined by fracture experiments

(Xu et al, 1994).

Previous work has given a detailed investigation of the contamination effect on
bondline integrity based on experimental double-cantilever beam tests and nanoindentation
tests (Chapters 2 and 3). Experimental data has shown that hydraulic oils can change the
mechanical properties of the adhesive and the interface strength. The contamination applied
to a bondline can degrade its strength to 20% of its original strength, as shown in in Figures

2.6and 2.7.

In this work, cohesive zone model was used to investigate the detailed fracture
process. The aim of this study is to give a full assessment with respect to the effect of bond-
line properties on total fracture strength. In particular, the properties are divided into three
groups, i.e., the intrinsic bondline strength, the properties of the adhesive, and the thickness
of the interfacial adhesive. The finite-element analysis package ABAQUS was used to model
the double cantilever beam test and the delamination process was simulated using a cohesive-
zone model. The parameters in the cohesive-zone model, including the modulus and yield

strength of the adhesive, were provided from a complete set of experiments (Chapter 2). The



64

total effective fracture energy Gc was calculated and equated to the intrinsic bond-line

toughness plus the plastic dissipation energy.

4.2 Simulation Configuration of DCB Samples

4.2.1 Modeling

The double-cantilever beam was simulated as a 2-D model and the composite beams
were modeled as linear elastic materials with four-node plain-strain shell elements (Figure
4.1). The modulus of the composite is 43.7GPa as calculated from a three-point bending test.
To simplify the simulation, the adhesive was modeled as an isotropic material. Considering
that the size of the process zone is much larger than the fiber size and filler size, this

simplification is reasonable.

S50mm 128mm
Initial Crack

Figure 4.1 The double cantilever beam model diagram in ABAQUS
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4.2.2 The Cohesive Zone Model

The cohesive zone model is used to mathematically describe the debonding process in
this work. The fundamental issue for simulating the fracture process is the characterization of
cohesive interaction between traction and body strain. Cohesive law can be classified by
either non-potential based models (Yang, 2001; Zhang, 2005) or potential based models
(Needleman, 1987; Beltz and Rice, 1991; Tvergaard and Hutchinson, 1993). Considering the
physical image of void nucleation from atomistic point of view, atomic bonds at certain
points with material defects undergo significant stretching, which leads to atomic decohesion
and formation of new surface. At the stage of atomic debonding, the first derivative of the
fracture energy potential provides the traction on the surface. And the second derivative of
the energy potential provides the material properties (i.e. stiffness). Several potential
functions have been studied to simulate the fracture process. A polynomial potential function
was proposed to simulate void nucleation (Needleman, 1987). The exponential potential
function was proposed for large shear displacement by Beltz and Rice (1991). Non-potential
based models are developed for simplicity. A trapezoidal-shape cohesive law was utilized to
simulate mix-mode fracture by Yang (2001). Bilinear cohesive law was utilized for analyze
the homogeneous materials with dynamic failure (Zhang and Paulino, 2005; Liljedhal et al,

2006).

To simulate crack growth in the adhesive bondline, the bilinear cohesive surface
element was applied between the adhesive layer and the composite layer. Previous works
have shown that the bilinear cohesive zone model is able to bridge the gap between craze

micromechanics and the role of crazing in polymer fracture (Tijssens et al, 2000; Estevez et
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al, 2000). This assumes that the singular crack-tip region can be replaced by a zone in which
non-linear phenomena occur. The fracture process in the cohesive zone is characterized by
the cohesive law that relates stress and displacement. The constitutive relationship of this

criterion is shown in Figure 2.11.

The constitutive curve describes failure behavior of the cohesive zone. The area under
the constitutive curve is the intrinsic fracture energy of the cohesive element. As the
displacement of the elements increase, once it approaches 0y the stress reaches maximum oy
and then begins to drop and failure is initiated. When the displacement reaches 9., the
cohesive bond completely breaks. The bilinear traction separation law is determined by three
independent parameters: k, oo, [. There are several methods to determine the cohesive
parameters. Sorensen and Jacobsen determined the cohesive parameters by differentiating the
J-integral with respect to the end-opening displacement (2003). Anderson and Stigh have
studied a similar method (2004). Yang et al applied a 3-point bending test and showed that
the local strain at the crack tip was 40% (2001). Thus, the cohesive stress was chosen
corresponding to the 40% strain. Li et al have shown that the two parameters of cohesive
model can be determined from experimental results (2005). First the cohesive energy were
determined by the correlation of the fracture energy that relatively independent of the
cohesive stress. Second the cohesive stress was varied until the whole load-displacement
curve was consistent with the experimental results. In this work, we will apply an approach
similar to Li’s approach for choosing the cohesive parameters. The stiffness k of the cohesive
behavior is calculated from modulus k£ = E¢, where t is the element size, E is the modulus of

adhesive. The cohesive energy was determined by the correlation of the fracture energy from
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DCB test. Then the cohesive stress was determined by the correlation of the initiation force

from DCB test.

Another critical condition for steady cohesive surface simulation is element size. Too
small an element size (compared to d)) contributes to a distortion of the cohesive element,
because the cohesive surface element has no stiffness in the lateral direction. If the element
size is too large, the stress would concentrate on only a single element. That would lead to a
bad gradient of the stress distribution and poor accuracy. Additionally, too large an element
would enlarge the process zone size and cause it to be overestimated. The element size in this

work is 0.083mm.

4.3 Simulation Results and Discussions

4.3.1 Modeling Parameters

There are many parameters, including bulk material properties, geometric dimensions
and cohesive parameters. The leading parameters of the fracture process simulation relate to
the shape of the cohesive law, and include the stiffness k, the maximum stress oy and the
intrinsic fracture energy I. The mechanical properties and the thickness of the epoxy layer
have a secondary role in determining the total fracture energy. In this work, these three sets
of simulations were individually studied to investigate their effects on the steady-state

fracture energy.



68

4.3.2 Cohesive Surface Element Parameters

Three independent parameters: stiffness, maximum stress, and intrinsic fracture
energy, determine cohesive surface zone behavior. Various studies have found that the
maximum stress ¢y and the stiffness K have only a limited effect on cohesive behavior
(Tvergaared et al, 1992). However, we have found that they do have some significant
influence on the convergence problem. From our experiments, the results demonstrated that
contaminations could decrease the intrinsic fracture energy and have some effect on the
modulus. Thus, we simultaneously decreased the maximum stress and the intrinsic fracture

energy to keep the unloading traction ratio constant, as shown in Figure 4.3.

an

Jg D=0

Reduce cohesive law parallel
ay|—

Figure 4.2 The method of changing the traction separation law parameters to account for
different degradation level.

To investigate the effect of cohesive behavior on the macroscopic fracture process,
five models were examined with constant geometry and material properties. In this set of
simulations, the yield stress of epoxy was 69Mpa and the thickness of the epoxy layer was

0.4mm. Previous DCB work showed that, at a very high level of contamination, the measured
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bond-line toughness is about 100J/m’. The cohesive parameters were determined by the

method described above and shown in Table 4.1.

Model | Model | Model | Model | Model
1-1 1-2 1-3 1-4 1-5
Stiffness k 3e6 3e6 3e6 3e6 3e6
Maximum stress 135 130 114.5 76 60
oo (MPa)
Intrinsic fracture energy | 250 230 180 80 50
G; (J/m?)

Table 4.1 The cohesive surface law parameters for different realizations.

The fracture energy was defined to occur when the total energy release rate reached a
plateau. The sensitivity of the macroscopic fracture process to intrinsic cohesive behavior
was clear, as shown in Figure 4.4. The plastic dissipation in the total fracture energy is
G,=G-G;. From Figure 4.5, it can be seen that plastic dissipation is the predominant effect
determining the total fracture toughness, and the plastic energy is sensitive to the intrinsic
fracture energy because the plastic zone size is monotonically related to the intrinsic fracture
energy. Further examination of the plastic zone showed that the plastic zone size in model 1-
1 is 0.06mm, while it deceases almost to zero at model 1-5. Figure 4.7 and Figure 4.8 show

how the plastic zone size change is affected by the interfacial parameters.
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Figure 4.3 The comparison between FEM results with the experimental data at different
levels of contamination (red-#1 Hydraulic oil), blue line is FEM results, and red line is DCB
measured data.
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Figure 4.4 FEM results of the fracture energy for different level of cohesive surface element.
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The simulation results were rationalized with the DCB results in Chapter 3. The
adhesive bondline toughness at each concentration level was fitting to the modeling bondline
toughness. Then, the simulation results was plotted according to the log of the contaminates
concentration levels in Figure 4.6. It shows the trend of the adhesive bondline toughness with
the contaminates concentration levels. The interfacial shielding effect was quantitatively
connected with the contaminates concentration level. The log of contaminates concentration
level has an almost linear relation with the interfacial strength decrease. This weakening
effect of contaminates on the interfacial bonding strength further decrease the plastic zone

size and leads to the plastic work decrease during debonding.

Energy(J/m?)

800

Total adhesive bondline toughness

Calculated
plastic dissipation

FEM estimated interfacial strength

1 1 1 1 1 1 ] 1 1 | 1 1 1 J
-1 1] 1 2

o

Log(Concentration Level)

Figure 4.5 The deduced plastic dissipation from DCB experiments and numerical results.
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Plastic zone of Case 1-3
Plastic zone of Case 1-1(ref)

Figure 4.6 The plastic zones of different interfacial strength (grey part)

Figure 4.7 The evolution of plastic zone size with decreasing cohesive energy

From these results, we concluded that hydraulic oil has a degradation effect on the
intrinsic fracture toughness of the bondline. According to this set of simulations, the
degraded intrinsic fracture toughness could significantly shrink the plastic zone size, so the

effective bond-line toughness is sensitive to contamination-induced degradation.

4.3.3 Bulk Material Properties

From nanoindentation experiments we have also observed that contamination has

some hardening or softening effects on the modulus and hardness of the adhesive matrix
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(Chapter 2). The hardening effect of the epoxy could shrink the process zone because the

process zone size is determined by — . However, a prediction based on this assumption

Oy

produces a large discrepancy with respect to the DCB-measured bond-line toughness. A
detailed simulation study regarding the effect of material properties is required to understand
material degradation caused by contamination. From experiments, the modulus and yield
stress of the adhesive matrix are 4.3GPa and 69MPa. The material properties used in
simulations are shown in Tables 4.2 and 4.3. The cohesive element parameters are the same

as for the reference state.

Model 2-1 | Model 2-2 | Model 1-1 | Model 2-4 | Model 2-5
Modulus 4300 4300 4300 4300 4300
(MPa)
Yield stress | 51.75 55.2 69 86.25 103.5
(MPa)

Table 4.2 The bulk material property
Model 3-1 | Model 3-2 | Model 1-1 | Model 3-4 | Model 3-5

Modulus 2150 3225 4300 5375 8600
(MPa)

Yield stress | 69 69 69 69 69
(MPa)

Table 4.3 The bulk material property
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Figure 4.8 The load-displacement curve of the FEM for different level of adhesive modulus
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Figure 4.9 The resultant fracture energy versus normalized modulus
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Figure 4.10 The stress distribution around the crack tip and the plastic zone (grey part) in the
reference state (model 1-1)

Figure 4.11 The stress distribution around the crack tip and the plastic zone (grey part) of
model 3-2 (0.8E)
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Figure 4.12 The stress distribution around the crack tip and the plastic zone (grey part) of
Model 3-1 (0.5E)
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Figure 4.13 The load-displacement curve of the FEM for different level of adhesive yield
stress
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Figure 4.14 The resultant fracture energy versus normalized hardness

Figure 4.15 The stress distribution around the crack tip and the plastic zone (grey part) of

model 2-2 (0.8cy)
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From the results shown in Figures 4.9-4.16, it is clear that the total fracture process is
much more sensitive to a change of yield stress than the modulus. From Figure 11,16, it is
obvious that the plastic zone size expand significantly by 20% decrease of yield stress. On
the other hand, from Figure 11-13, the plastic zone size expands a little by even 50%
decrease of modulus. Such plastic zone size change determines the plastic dissipation energy,

which is the comparative large part of the total fracture energy. This is reasonable because in

. . . . r
an elastic-plastic fracture, the process zone size determined by r rather than byE. The

o,

shape of the plastic zone also changes with the amplitude by the change of modulus and yield
stress. It is interesting to note that the yield stress has a larger-value plateau. At a specific
level, the total fracture toughness is insensitive to a change in the yield stress. This behavior

has been explained by Suo using an SSV model (Suo et al, 1993).

4.3.4 Adhesive Thickness

Because the adhesive layer thickness is only 0.4mm and the composite panel is much
stiffer than the epoxy, the composite panel has a constraining effect on the stress state in the
adhesive layer. Thus, the effect of thickness is important for understanding the global
fracture process. It can be noted that the mesh size should be proportional to remain mesh-
independent while reducing thickness. The thicknesses of three models are shown in Table

4.4. Other parameters are the same as those in the reference state.

Model 1-1 | Model 4-2 | Model 4-3
Thickness of epoxy (um) | 400 200 100

Mesh size (um) 10 5 2

Table 4.4 The thickness and mesh size of three cases
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Figure 4.16 The load-displacement curve of the FEM for different thickness (um)

From these results, it is clear that the effective bond-line fracture toughness is
sensitive to the adhesive-layer thickness. This is expected because the process zone is
compressed by the reduced thickness. Further examination on the residual strain on the epoxy
layer shows that the both the magnitudes and thicknesses of the residual strain in these three
cases decrease with thickness, as shown in Figures 4.14 and 4.15. The extracted residual
strain along the vertical height of the epoxy layer is shown in Figure 4.16. Note that the
residual strain on the top surface of the adhesive is zero, proving that the stiffer composite

panel has a shielding effect on the stress state in the adhesive layer.
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Figure 4.17 The plastic strain in 100pum adhesive layer (color wake)

Figure 4.18 The plastic strain in 400pum adhesive layer (color wake)
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Figure 4.19 The plastic strain distribution vertical to the adhesive layer

In this work, cohesive surface model was used to study the bondline properties in an
adhesive bonding double cantilever beam. The sensitivity of bondline toughness to the
bondline properties was examined. The effects of the intrinsic fracture energy, the bulk
material properties and the thickness of the epoxy layer were carefully studied to understand
their contribution to the plastic dissipation by three sets of FEM simulations. The plastic
energy dissipation is the predominant part in the effective bondline fracture energy in this
contaminates-adhesive bondline delamination. In addition, cohesive parameters predicted
fracture process was compared with the load-displacement and fracture date measured from
experiments in Figure 4.17. The trend of the simulations results has good agreement with that

of experiments.
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Figure 4.20 The normalized parameters versus the normalized resultant fracture energy
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CHAPTER S SINGLE SHEAR LAP TEST AND DOUBLE

SHEAR LAP MODELING

5.1 Introduction

Previous nanoindentation studies have shown that hydraulic oils can have hardening
(Frekote) or softening (#3 hydraulic oil) effects on an adhesive matrix (EA9394). According
to fracture mechanics, the measured mechanical properties of adhesives can be correlated to

the fracture process through Griffith and Irwin theory.

0'261

r, =p%

T E (12)
K 2

rp{_cj (13)
Oy

where [ is a geometric factor of order unity, a is the crack length and o, is the

applied remote stress. Thus, a contaminant producing a softening effect would increase the

fracture zone size and the plastic dissipation would increase correspondingly.

Double-cantilever beam tests have shown that the contaminations applied at bondline
could dramatically decrease the mode-I steady-state bond-line strength. In such cases, an
interfacial energy-weakening effect is the primary effect on bond-line integrity. However, to
have a full understanding of contaminant effect on bondline, the behavior of the failure

initiation and shear strength with contaminants requires more study. The single-shear lap
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(SSL) test has great practical importance. It can show the fracture initiation critical force in

the fracture process, because the crack would be catastrophic after the critical force.

The shear lap test was first proposed to analyze the deformation of an adhesive layer
under differential-shear loading (Volkersen, 1938). Later, Goland expanded Volkersen’s
work and analyzed the shear lap by examining the effects of the bending moment introduced
by tensile loading (Goland et al, 1944). The plasticity of the adhesive layer was further taken
into account by L.J. Hart-Smith (Hart-Smith, 1974). Delale studied the single-shear lap joint
mathematically (Delale et al, 1981). They found that the maximum shear stress in adhesive is
lower than the maximum normal stress. In Dalale’s work, they assumed linear elastic
adherend and viscoelastic adhesive. However, a universal stress-based criteria has not been
well established (Lee, 1991). Finite-element method was also employed to conduct shear lap
test with various assumptions to understand both material and geometry effects (Zou et al,
2004; Dattaguru et al, 1984; Kafkalidis et al, 2002). The bonding edge of the adhesive-
bonded joints is a critical boundary condition in shear testing. Many experimental and
numerical studies have examined the effect of fillet shape on adhesive bonding. Adams
compared triangular and square shapes of adhesive-bonded joints and found that a triangular
fillet could reduce stress concentration effects by 30% compared to a square fillet (Adams et
al, 1974). In this work, for simplicity and comparison of the different contaminants, we cut
the fillet for consistent results. A mixed-mode cohesive zone model has been developed to
model interfacial behavior of bi-material systems (Tvergaard et al, 1992; Wei et al, 1997). It
has proven to produce good agreement with experimental results. This approach has been

used to model the behavior of plastic adhesive joints in shear lap test (Yang et al, 1999).
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In this work, the single-shear lap test has been used to measure bond-line fracture-
initiation force. Composite structure is composed of 10-ply Hexcel IM7-G/8552 composite
and Loctite Hysol EA9394 paste adhesive was for adhesive bonding. Aviation hydraulic oil
(#3 MIL-PRF-85570) was introduced at different levels to play the role of contamination
during the fracture initiation process. A finite-element method with a cohesive-zone model

was used to rationalize the experimental results.

5.2 Materials and Sample Preparation

5.2.1 Materials

In this study, we chose aviation hydraulic oil #3 (MIL-PRF-85570) as a contaminant
to be applied on adhesive bondline. Previous work (Chapter 2) showed that #3 oil has a
softening effect on the selected adhesive EA9394. In accordance with the maintenance

standard (MIL STD 1246C), the following contamination levels were selected.

Contamination level Surface concentration
G 10 pm/cm’
J 55 pm/cm’

Table 5.1 The contaminate levels

5.2.2 Sample preparation

Single shear lap testing is a common method for measuring the shear toughness of
adhesive-bonding composite. ASTM 3161 is a standard designed for measuring the shear

strength of an adhesive bond. In accordance with that standard, the sample laminates were
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made of 10-ply stacked unidirectional prepreg (Hexcel IM7-G/8552). A bi-directional woven
fabric (Hexcel W3B-282) was used as a cover layer applied at 45° on both sides. The stacked
fiber was vacuum-bagged and autoclave-cured. The cured composite was sand-blasted with
220 alumina grit at 413.7kPa to roughen its surface to 3-4um Ra. Figure 3.3 shows the
surface roughness as measured by a Zygo profilometer. After surface treatment, the
composite was rinsed with water and wiped with Hexane for degreasing, and samples were
then cured at 90°C for 2hrs (NAVAIR 01-1A-21, Sec. 6-7a (2)). After cleaning, measured
dilutions of hydraulic oils were applied uniformly on the entire roughened composite
surfaces and the adhesive pasted onto the 25.4x101.6mm bonding area of another sand-
blasted composite surface. A 0.2mm shim was inserted around the edge for maintaining the
adhesive bonding thickness. The two-composite panel was assembled and stacked under
34kPa pressure at ambient temperature for 24 hours. Curing was then applied for 2 hours in
an autoclave at 90°C. After curing, the composite stack was cut to a width of 25.4mm.
Because the adhesive would spill out under the pressure, removal of a spillover section was
required to establish a standard boundary condition. 25.4x50mm tension blocks were adhered

to the ends of the sample to support fitting into the test frame.
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Figure 5.1 Optical image showing the geometric details of a SSL specimen.
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Figure 5.2 The dimensions of the single shear lap samples
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5.3 Single Shear Lap Test and results

5.3.1 Single Shear Lap Test Protocol

The single-shear lap tests were carried out in a computer-controlled servo-electric
testing frame and performed with displacement control using a loading rate of 0.02mm/s.
Force and crosshead displacement were recorded. The SSL tests were repeated on two

identical samples to provide data consistency.

Figure 5.3 The SSL expertimental testing setup.

5.3.2 Results and Discussions
Aviation hydraulic fluid #3 MIL-PRF-85570 was examined at levels G and J.
Summary of break force and calculated critical stress values are given in Figure 5.4. Sliding

of samples sometimes occurred between the clamps and load blocks, and was attributed to
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lack of friction between clamps. Since the most important parameters in this experiment were
the critical forces or critical shear strengths, the resulting inaccuracies in displacement data

were neglected.

From the results, it is interesting to notice that the critical force of fracture initiation
increases with higher contamination levels. From previous work it can be seen that hydraulic

oil #3 has a softening effect on the adhesive matrix. Such a softening effect on the adhesive

K
layer could expand the plastic zone size according to Irwin theory 7, ~(—%)?, and the
Oy

contamination also could decrease the interfacial bonding strength. In such a case, softening
is the primary effect because the shear process zone size is much larger than the constrained
mode I tension process zone. The experimental work shows the effect of contamination on
the fracture initiation force, but a detailed stress field analysis is still needed to understand
the softening effect. Cohesive zone models were further utilized to simulate this single-shear

lap test.
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Figure 5.4 Summary of load-displacement curves of the shear lap test

Sample Control-1 Control-2 10pg/cm® 55ug/cm? -1 55pug/em’ -2
Critical 7237 6993 8161 9639 9015
Load(N)

Table 5.2 Summary of the fracture toughness measurements for different levels of hydraulic

fluid #3

5.4. Shear Lap FEM Analysis and Discussions

Commercial finite-element package ABAQUS was used to simulate the 2-D double-

shear lap model with a cohesive-zone model. The composite panel was modeled with linear

elastic material. The adhesive was modeled as an elastic-plastic material. The material

properties of composite and adhesive are given in Table 5.3.
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Adhesive Composite
Modulus(MPa) 4300 43700
Yield stress(MPa) 69 N/A
Poisson ratio 0.3 0.3

Table 5.3 The material properties in the finite element model

The adhesive bonding was modeled using a cohesive-zone model, as shown in Figure
2.12. The cohesive surface was elaborately introduced in Chapter 4. The constitutive
equation of the cohesive law is based on a phenomenological model. At the start of loading,
the stress and strain have a monotonically-increasing relationship. After a critical point, the
stress will start to drop while the strain increases. The cohesive bonding breaks when the

stress drops to zero.

The constitutive curve describes the failure behavior of the cohesive element. The
area under the constitutive curve is the intrinsic fracture energy of the cohesive element,
corresponding to the interfacial fracture toughness. The cohesive law is governed by three
independent parameters: k, oo, I'. In this chapter, we will examine the effect of #3 hydraulic
oil on the bondline. Because the cohesive parameters for mode II failure are unknown, we
assume that the ratio of cohesive parameters for reference state and contaminated state (#3 at
55ug/cm?) are constant for both mode I and mode II failure. The ratio of cohesive parameters
for mode I failure was first determined by the method described in Chapter 4. From the curve
correlation, the cohesive parameters for #3 hydraulic oil at 55pg/cm® are determined and
shown in Table 5.4. Figure 5.5 shows the corresponding initiation force and steady state

fracture energy for both experimental and simulation results.
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Figure 5.5 The force-displace plot and crack length-energy release rate plot for determine
corresponding cohesive parameters for #3 hydraulic oil at 55ug/cm’

Reference- #3 hydraulic oil at

no contamination | Level J contamination
Stiffness K(MPa) 3eb 3e6
Cohesive stress o(MPa) 135 67.5
Interfacial fracture energy G(J/m*) | 250 62.5

Table 5.4 The interfacial parameters for the reference state and the contamination state of #3
hydraulic oil at 55pg/cm’

From Table 5.4, the ratio of cohesive stress for reference state and contaminated state

(#3 at 55ug/cm?) is 2. Then the cohesive parameters for mode II failure will be determined

by corresponding single shear lap experimental results. The cohesive stress is determined by

the corresponding maximum force in the shear test. The cohesive energy is determined by

proportional method described in Chapter 4. From single shear lap experiments, the cohesive

stress and cohesive energy for reference state are 95MPa and 120J/m”. Then from the ratio of

cohesive stress determined from mode I failure, the cohesive parameters for contaminated

state (#3 at 55ug/cm?) are 47.5MPa and 30J/m”.
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Chapter 2 has shown that #3 hydraulic oil have softening effect on the adhesive.
Chapter 4 showed that the applied #3 hydraulic oil on the bondline can weaken the cohesive
energy and stress. In this chapter, four cases were studied to show the mixed effect on the
critical shear stress in mode II failure. A double shear lap model was used to evaluate the
bondline fracture initiation force with different bondline parameters. The parameters used in

this study are shown in Table 5.5.

Case | Cohesive Stress | Cohesive Energy | Adhesive Yield Stress | Adhesive Modulus
(MPa) (J/m2) (MPa) (MPa)

A 95 120 69 4300

B 47.5 30 69 4300

C 47.5 30 62.5 3956

D 95 120 62.5 3956

Table 5.5 The parameters used in the double shear lap simulation

Because the shear model represents an unstable fracture, the force at the tenth element
break was recorded for each case. Figure 5.6 shows the contribution of cohesive parameters

and adhesive mechanical properties to the critical shear stress in the DSL model.
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Figure 5.6 FEM results showing the parametric effects on critical initiation shear stress in
DSL modeling

In Figure 5.6, case A is the reference case, which correspond to the non-contaminated
bondline maximum shear stress. Case B shows the interfacial weakening effect of
contamination with the cohesive stress changing from 95MPa to 47.5MPa, corresponding to
the concentration of the contaminant. The maximum shear stress drops from 12MPa to
9.5MPa with the interfacial weakening. Case D shows the softening effect of contamination.
As measured by nanoindentation, with 55pug/cm” #3 hydraulic oil, the adhesive yield stress
drops from 69MPa to 62MPa and the adhesive modulus drops from 4.3GPa to 3.9GPa. It is
as expected that the softening of the adhesive could increase the maximum shear stress,
because the plastic zone size expand with the decreased modulus and yield stress. In case C,
it is shown that the combination of the two effects can slightly increase the maximum shear

stress. And the simulation results have good agreement with the experimental results.
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From the simulation, we conclude that the total fracture energy is composed of two
parts; one comes from the intrinsic fracture surface energy and another larger part is
dissipated by the plastic work during crack growth. By applying the contamination on the
bondline, the cohesive strength and the adhesive mechanical properties may be changed. The
interfacial (cohesive) weakening can shrink the plastic zone size as shown in Chapter 4. And
the adhesive softening can expand the plastic zone size. Unlike mode I failure, the
combination of these two opposite effects can slightly increase the maximum shear stress in
mode II failure. The reason of this phenomenon is that, the crack is unstable in the shear test;
the maximum initiation force depends on the crack initiation process. Thus contaminated-
induced cohesive energy weakening has less effect in the mode II failure. However, the
softening effect has the same effect on the stress distribution. Therefore, the combination of

these two effects may increase fracture initiation force.

5.5 Conclusions

To fully understand the effect of contaminants on bond-line integrity, a single-shear
lap test was used to measure the critical force of adhesive bonding attacked by hydraulic
fluid oil #3 MIL-PRF-85570. It has been shown that the greater the level of contaminant
applied on the bondline, the higher the bonding strength in mode II failure. Additional
numerical simulation was used to investigate the stress distribution of the shear test. It was
found that the change of yield stress of adhesive determine the process-zone size. And the
cohesive energy weakening had less effect on the unstable crack in shear test; because the

catastrophic failure occurs before the cohesive zone completely fail. Therefore, in the mode
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IT failure, the combination of the effects of contamination may increase the crack initiation

force at some specific conditions.
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CHAPTER 6 GENERAL CONCLUSIONS

6.1 Conclusions

The dissertation studied the degradation mechanisms of specific contaminants on
adhesive bonding of composite. The main focus of this work was the contamination effect on
the adhesively bonded joints. It is found that the contamination has effects on both the

interfacial bonding strength and the adhesive mechanical properties.

These two effects of contaminants on adhesive bondline were explored and
theoretically analyzed to correlate with the adhesively bonded joints strength.
Nanoindentation was used to make a non-destructive and quick measurement of the
mechanical properties of an adhesive attacked by contaminants. Through the screening of
nanoindentation, the Frekote have hardening effect on the adhesive EA9394, #3 hydraulic oil
has softening effect on the adhesive, #1 and #2 hydraulic oil has no significant effect on the
adhesive. The degradation sorting was established according to the nanoindentation results.
The mode I DCB test was further used to directly measure the bond-line toughness of the
contaminated adhesive bonding. It is shown that the residual adhesive bonding toughness
was below 20% of original non-contaminated bonding strength at level J (55pg/cm?). The
nanoindentation test and the DCB test have the same trend for the series of contamination
degradation at the same contamination level. A finite-element model with cohesive zone
surface was employed to rationalize the contamination effect on the adhesive-bonding-joint

toughness. It is found that an interfacial shielding effect shrinks the plastic dissipation energy
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in the mode I DCB test. Thus, bond-line toughness degradation is primarily caused by

decreased interfacial energy in mode-I fracture.

A series of DCB tests was conducted to find the acceptable concentration level of two
types of contaminants. Surface treatment is required to create reliable adhesive bonding. And
a proper failure type was discussed. The sandblasting to 4um roughness was found to be the
suitable surface pretreatment for the current composite/adhesive system. The correlation
between contaminant concentration levels and adhesive-bonding toughness was established
for hydraulic oil #1 and #2. The features of the load-displacement curve and the fracture
surface topography show a gradual transition of the failure type from large-scale bridging to

brittle fracture caused by contamination-induced interfacial strength weakening.

A full parametric study of adhesive bondline was conducted using finite-element
methods with cohesive zone surface. The parameters of adhesive bondline were divided into
three groups. The first group describes the first effect of contaminants, the interfacial
shielding effect. Different levels of concentration on adhesive bondline were modeled to
study the corresponding interfacial surface toughness. It is found that the interfacial strength
weakening can shrink the plastic zone size. Thus the plastic dissipation decreases with the
applied contamination level. The second group of parameters confirmed the second effect of
contaminants, the effect on adhesive mechanical properties. The contaminant effect on the
hardness and modulus of adhesive layer were correlated to the effective adhesive bond-line
toughness through the plastic dissipation. The third group is the thickness of the adhesive

layer. The simulation results verify the shielding effect of the thickness. The plastic zone size
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is constricted by the thickness of the adhesive layer in mode I fracture. Thus, the plastic
dissipation and the effective bondline toughness decrease with the thinner adhesive layer

thickness.

In chapter 5, the single-shear lap test experimentally shows the effect of the hydraulic
oil #3 on the bondline fracture initiation force. It is found that the fracture initiation force
increase with applied #3 hydraulic oil contamination level. Further simulation of shear test
clarified the whole fracture-initiation process. It is found that the contamination-induced
interfacial strength weakening has less effect on the unstable crack initiation in mode II
failure. The softening effect of #3 hydraulic oil expands the plastic zone size. Therefore, the
combination of the contamination effects makes the crack initiation force slightly higher in

mode 11 failure.

In summary, this research provides a fundamental understanding of contaminant
effects on adhesive-bonded joints in composite structures. The experimental and numerical
work provides a framework based on a constitutive cohesive zone model. The two effects of
the contaminants on the bondline have been differentiated. The effect of contamination on
bond-line toughness was studied both experimentally and numerically. The theory and results
presented in this work could be exploited to improve the reliability of adhesive bonding, set a
failure criterion for adhesive-bonded composite structures, and provide some insight on

universal criterion with respect to the contaminant effect.
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6.2 Future Work

The work revealed two effects of contaminants on the adhesive bonding joints
toughness. In Chapter 2, DCB test shows the interfacial shielding effect is the primary effect.
In Chapter 5, single shear lap test shows the softening effect is the primary effect. It would be

important to elucidate a phase diagram for general boundary condition.

In Chapter 3, the acceptable level of contaminants was investigated on the selected
composite system. According to the study, the degradation of bondline integrity is caused by
the interfacial shielding effect. More contaminants type could be testified to establish a

universal relationship of the concentration level and the interfacial shielding strength.

In Chapter 4, the parametric study of adhesive bondline was conducted by finite
element study. The adhesive properties and the interfacial strength have been studied
experimentally. The thickness effect of the adhesive layer could be explored by experiments.
A series of DCB sample with different adhesive layer could give a correlation between the
thickness and the effective bondline toughness. Through curve fitting, the interfacial
toughness of specific concentration level of contaminants could be deduced by the points,

which the thickness is zero.

Another extension of this work would be establishing the interplay between

contaminants and other factors. In real application, the adhesive bonding joints always suffer
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multi-factors degradation. The clarification of the interplay between factors could further

reduce the production cost of composite structures.
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APPENDIX: SPECTRAL ANALYSIS OF THE 3D FRACTURE

SURFACES FOR ENHANCED FORENSIC MATCHING

A.1 Introduction

Tool marks have been used as evidence in testimony since 1993. Since then, the
National Institute of Justice (NIJ) has an expanding need for the forensic evidence extracted
from criminal tools (U.S. DoJ, 2009). Many researchers have studied the reproducibility and
durability of the forensic tool mark (Bonfanti et al, 1999; Monturo et al, 2010; Miller et al,
2001). The premise of the tool mark evidence is based on the uniqueness generation of the
tool mark. There are many unique parameters that can trace to the unique tool mark,
including color, shape and orientation of tool mark, grain size etc. (Katterwe 2005).
Manufacturing process (Bonfanti et al 1999) and loading history (i.e. attack motion)
(Ekstrand, 2012; Grieve, 2013) of the tool are the main areas to study the uniqueness of the
toolmark generation. The manufacturing finishing process (e.g. rolling, extrusion forging,
stamping) can be described by unique Grain Orientation Distribution Functions
(Alexanndrov et al, 1995). Through the mathematical description of tool marks, the
manufacturing process can be restored. And the toolmarks on the fracture surface have been
proven to relate the loading history (e.g. loading rate, loading mode) (Baldwin et al, 2013).
Uniqueness of environment degradation could also give uniqueness toolmark feature
(Baldwin et al, 2013). However, the tool mark evidence was challenged due to the lack of

scientific evidence and the examiners’ subjective opinion. In 2000, the toolmark match
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evidence was considered inadmissible in the supreme court of Florida. More work is required

to make a reproducible and reliable method to distinguish the toolmark.

The purpose of this work is to provide a reliable algorithm to analyze forensic tool
marks. This study focused on matching the fracture surfaces of steel knives with different
breaking history. 3-D Zygo profilometer was used to scan the fracture surface of the steel
knives. Micro-level features were collected by digital image scanning. A developed program
was used to analyze the data from the start and determine the matches or non-matches. This
developed statistical program can exclude the subjectivity by examiners and significantly
improve the efficiency. Fast Fourier transform (FFT) was used to transform the scanning
fracture surface to the frequency spectrum. The microstructures of the fracture surface were
characterized in the frequency spectrum. Proposed statistical method was utilized to analyze
the characteristics of the microstructures in the frequency spectrum and determine the match

of the fracture surface database.

A.2 Proposed Hypothesis and Implementation Methodologies

A.2.1 Proposed Basic Theory

Starting with the general materials classification, solid materials have three classes:
crystalline (metals and ceramics), semi-crystalline (polymers) and amorphous (Polymers and
glasses). They have different molecular structures and therefore different characteristic
toolmarks. In this work, we focus on the steel knives (SS-440C), which is crystalline metal.

Crystalline material is typically a polycrystalline aggregate, which is comprised of crystal
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lattice and grain. The sizes and orientation of the lattice and grain have unique statistical
characterization that could enable the forensic toolmark (which is the fracture surface micro-

features) examination.

For crystalline metal, the fracture surface micro-features or toolmarks are composed
of multi scales of material microstructures as depicted on Figure A.1. The sub-micron level
structures (dislocations, grain size and grain orientation etc.) are more likely related to the
manufacturing process. For example, the thermal treatment of the steel could contribute to
certain grain size. The mechanical treatments (e.g. extrusion or rolling) have their own
characteristics of grain orientation. The interplay between material properties and the loading
history result in the above-micron level structures. For example, the bending break would
leave a paralleled toolmark along the symmetric line. And the grain size could affect the
spacing between two paralleled toolmarks. The loading process under cold temperatures
would show brittle fracture and leave a smoother surface than ductile fracture. Thus the
forensic tool mark examination has a solid background on the material science and
mechanics. In mechanics, crack initiation, coalescence and propagation depend on the tool’s
crystallographic structure and loading history. The tool-breaking process leaves the unique
mark on the surface. Through analyzing the fracture surface toolmark, we can unveil the

crack behavior and then determine the correlation of two surfaces.
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Figure A.1 Interaction of the crack trajectory with the material length scale, viewed at
progressively coarser scales (McClintock, 1966)

Clearly, the micro-feature distribution on the fracture surface is directly related to the
unique tool. Digital image analysis gives a new angle to study the forensic toolmark
(Baldwin et al, 2004). The major advantage of digital image analysis is that the objective
statistical analysis gives scientific foundation to the forensic tool mark analysis. With digital
images of the fracture surface, there are two main leading methods to analyze the micro-
features. The first one is based on real space. Scale-invariant feature transform is one of the
algorithms to detect local invariant feature and determine the correlation (L. David 1999; L.
David, 2004). Another method is based on frequency spectrum. This method transforms the
original image into frequency domain and then analyzes the frequency spectrum. Because the
micro-features on the fracture surface result from the interplay between the tool’s

crystallographic structure and loading history, the micro-features have several length scales.
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And different scales of micro-features correspond to different cause to toolmark. For
example, the toolmark at grain-size scale indicates the manufacturing process. Thus, the
frequency method is more suitable and nature in detecting the multi-scales micro-features. It

is easy to divide the frequency domain to analyze different scales of micro-features.

Fourier transform is very common to transform the real space signal to frequency

domain. The 1-D Fourier transform for images along the axis is

F(= 3 F()e )
" (A.1)

Where the f{j) is one line of the image in real space, F(k) is the frequency spectrum of
the line. Figure A.2 and A.3 show an example of the Fourier transform of the standard sin
wave. Figure A.2 is the sum of two sine waves with random noise. It is hard to distinguish
the features from the real domain. After the transformation, the characteristics frequency of

the features is very clear in frequency domain Figure A.3.
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Figure A.2 The combination of two sine waves with different frequency
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Figure A.3 The characteristic frequencies of the signal in Figure A.2 shown after Fourier
Transform
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Considering the paired fracture surfaces, they have the same grain size, the same
orientation of grain and the similar features of tool mark. It is hard to distinguish the tool
mark at different scale with the naked eye. With digital image processing at the frequency
domain, the characteristics frequency of micro-features could be easily extracted and

compared with auto-routine.

A.2.2 Material and Image Scanning

In this work, we will study steel knives (SS-440C) under pre-defined loading
conditions. The loading fixture is shown in Figure A.4. After the sample breaks, a scanning
electric microscope was used to scan the fracture surface. Bending fracture surface is shown
in Figure A.5(a) and twisting fracture surface is shown in Figure A.5(b). It is clear that they

have different micro-features at large scale.

ALV

Figure A.4 Optical Images of the loading frame and knives samples

-
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(a) The bending fracture surface (b) The twisting fracture surface
Figure A.5 The SEM scanning of the fracture surface; (a) bending break; (b) twisting break.

A typical 3-D surface topography map of the fracture surface was taken by 3D optical

interferometer (Zygo NewView 6300) as Figure A.6 and A.7.

There is a trade-off when we select the size of the imaging window. The size of the
imaging window defines the maximum wavelength can be detected, which is the lowest cut-
off frequency. In such case, the larger window size could detect larger micro-features. On the

other hand, because the resolution is defined, the smallest feature size that can be detected is
within 2-3 pixels, i.e.2—, where L is the window size and r is the resolution. So if we want
r

to detect smaller feature, we need to shrink the imaging window size. Considering the
mesoscopic fracture surface features ranges in 100-1000um, the microstructure grain features
ranges in 1-100pum, a selection of the detection range determines the proper window size to
be used in examination. In the following work, we will use a 20X magnification and 0.55mm

window size, which gives a balanced range for detecting useful micro-features. With such
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configuration, the minimum and maximum distinguishable feature sizes are lum and

0.27mm.

0.400
{mm}

Figure A.7 The line profile of the Figure A.6

The fracture surface of the knives is not homogeneous, because the manufacture
process. The tip side, which is called sector C, is narrower. And the base side, which is called
sector A, is wider (Figure A.8). From the scanned surface profile, the horizontal line was
extracted and compared in Figure A.9. It clearly shows the dominant wavelengths for the
three sectors are different. This is because the stress state and the grain size are different for

the three locations. The interplay of the material properties and the loading history makes the
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difference of the micro-feature at different sectors. In our work, we only compare the fracture

surface at sector A for all the samples.

Sector A Sector B Sector C

Extracted line
profile

Scan Window

Figure A.8 The diagram of the location of scanning windows
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Figure A.9 The horizontal line profiles for different sectors of the fracture surface shown in
Figure A.8
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From the line, we can notice some large size features and small size features. The

frequency spectrum can clearly show the feature characteristic frequency.
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Figure A.10 1-D frequency spectrum description of the fracture surface
A.2.3 Image Enhancement
The image scanned by the Zygo interferometer has a lot of noise and black pixels.
They will give significant noise in the frequent spectrum, because the noise in the real
domain has very high amplitude. For objective analysis, the image enhancement is built in

the program and has the same procedure for all of the images. In this work, we have three

steps of image enhancement.
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The first step is to fill the no-data points as shown in Figure A.11. The no-data points
come from those points that have poor reflectivity. We will first use a 5X5 pixels window to
scan the whole image pixel by pixel. Any no-data point is filled by the average of the valid

data in this window. After this step, all of the pixels have a valid number.

Figure A.11 The original scanning image shown in matlab with lots of no-data points

The second step is to clean out the noise data as shown in Figure A.12. The noise date
was generated by reflectivity error of the surface. It usually appears around the cliff. A
19X19-pixels window is used to scan the whole image. Any point beyond 2-stdev of the
whole window will be considered as noise data and will be replaced by the average of the

3X3 window around it.
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Figure A.12 The noise data in the scanned topography

The third step is mostly for the frequency spectrum quality. The average of the image
is subtracted from the image to exclude the DC amplitude. The real domain image is a finite
size image. However, in frequency transformation, it will be expanded periodically. And the
periodical expansion will introduce cliff at the connection and strong noise in the frequency
domain. Thus, the Hann filter could eliminate the discontinuity effect in the frequency
spectrum. The filter and its effect are shown as Figure A.13—A.15. It has 10% tapering area at

the edge.
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Figure A.13 Hann Filter with 10% taper

Figure A.14 Typical frequency spectrum without the Hann filter



119

Figure A.15 The same frequency spectrum of Figure A.14 with the Hann filter
A.2.4 1-D Power Spectrum Density (PSD) Statistical Method

Even after the image enhancement, the noise signal can hardly be cleaned fully from
the scanning. So the power spectrum density method is designed to further limit the noise
effect. First, the image was transformed by 1-D Fast Fourier Transform (FFT) line by line.
The horizontal line spectrum is px and the vertical line spectrum is py. Then all of the
horizontal 1-D spectrums were summed up as Py and all of the horizontal 1-D spectrums were
summed up as Py, where m is the number of horizontal line in image, n is the number of

vertical line in image.

Px (l) = Lzzx(k’j)(e(%m')/n )(j—l)([fl)
mn 2 o
P (i)= LZ Z x(k, j)(e 2™y
e (A2)

The P.(i) represents the power carried by each frequency in x direction. And the P, (i)

represents the power carried by each frequency in y direction. At a certain frequency, the
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random noise has random power around zero, thus the sum of the power can decrease the
noise effect in the PSD signal. To compare two images, one image’s PSD was subtracted
from another image’s PSD. The difference was normalized by the first PSD. This normalized
PSD is figure of merit and divided into three parts to show the comparison at different scales

of micro-features.

To set the baseline, several images were scanned from the same surface, and then the
PSD of these images is considered as reference. The reference PSD gives a characteristic
PSD for the reference image, like fingerprints. If an unknown image has the PSD within the
reference range, it means the unknown image has similar power level at a specific frequency
and it matches the reference image. Otherwise, it has different characteristic PSD, which
means non-match. The advantage of this method is the enhanced noise cancellation, but it is

a 1-D analysis method.

A.2.5 2-D Frequency Spectrum Sectors Method

In this method, two images were first enhanced by the steps discussed above. Then
the images were transformed into 2-D frequency spectrum. Because the 2-D frequency
spectrum was symmetry about the center, only the top half frequency spectrum will be used
for analysis further. The top half frequency spectrum then will be divided into multiple radial
and angular sectors. The segmented angular sectors range from 0° to 180° with 45° interval.
The angular sectors represent the characteristics of the orientation of the micro-features. For
example, if a horizontal tool mark is dominant, the signal of characteristic frequency would

be high at 90°. The radial segments divide the spectrum from the center radially from 0 to
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300 with 20 pixels interval. The radial sectors represent the characteristic frequency of the
micro-feature. For example, if the grain size feature is 1/100 of the scanning window size, the

signal would be high at radial 100. Figure A.16 is the diagram of the 2-D segmentation.

Figure A.16 Diagram of the segmentation method, the centroid of each segment is shown as
dot

The segmentation is for finding the characteristic vector for each sector. The centroid

for each sector is calculated and recorded as K(r, 0), r and 6 are the index of sector.

Because the centroid vectors difference are proportional to the distance to the center,
the vectors difference should be normalized by the distance. For paired images, we can get

the correlation of these two images as

AK (=3
(K (.0)+ Ky (.0)

1 Z K, (r,0)— K, (r,0)

(A.3)
The correlation vector AK(r) describe the correlation of two images on different

levels of frequency or micro-feature. If the two images have similar large-size feature, the
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correlation vector AK(r) at low frequency should be small, because the centroid should be

close and vice versa. The correlation AK(r) was depicted versus r as figure of merit.

For determine the match or non-match of the pair images, we need to establish a base
line or a threshold. Several pairs of images from the same fracture surface were recorded and
analyzed by the algorithm. And the upper bound of the resulting correlation vectors AK(7) is
considered as reference K,.. The K,.s represents the characteristic distribution of the fracture
surface. If the correlation vector of two images AK(r) has higher value than K,.; these two
images are considered as non-match. If the correlation vector of two images AK(r) is lower

than K, these two images are considered a match.

A.3 Results and Discussions

Two knives were bending-broken and two images were scanned from each fracture
surface. The handle-side image was named as base side and the sharp-tip side of the fracture

surface was tip side. The sample images were as Table A.1.

Knife 1 Base 1 | Knife 4 Base 1
Knife 1 Base 2 | Knife 4 Base 2
Knife 1 Tip 1 Knife 4 Tip 1
Knife 1 Tip 2 Knife 4 Tip 2

Table A.1 Knives samples

These images were cross-compared blindly. There should be 12 cases of match,
which referred as true case and 16 cases of non-match as false case. If the program reports
the pair of image match, then it is positive signal. If the program reports non-match, then it is

negative signal. Ideally, the program should give 12 true positive and 16 false negative.
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Considering the micro-feature size, the range of micro-feature size we interested is
from the window size to 3um, which is around the grain size. Thus, the figure of merit would

be cut at frequency=300(1/mm).

A.3.1 1-D Power Spectra Density Results

The frequency spectrum was divided into three parts to differentiate the comparison
at three scales of microfreature, which corresponds to large scale macro features, middle
scale grain features and small scale fracture features. In this work, the baseline is at 0.1, if the
average of the normalized PSD difference is above 0.1, the pair of images is considered as
non-match and vice versa. The non-match case is shown as blue and match case is shown as
red in Figure A.17. The statistic results are shown in Table A.2 and A.3. From the results, the

precision of this method is around 97%.
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Figure A.17 The figure of merit of the PSD method. The dash line is base line analyzed from
the same surface
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PSD-X | Positive | Negative | Total
True 12(100%) 0(0%) 12
False 1(6%) 15(94%) 16

Table A.2 The accuracy of the PSD analysis in x-axis

PSD-Y Positive | Negative | Total
True 12(100%) 0(0%) 12
False 1(6%) 15(94%) 16

Table A.3 The accuracy of the PSD analysis in y-axis

A.3.2 2-D Frequency Spectrum Sectors Results

The baseline was established with three pair of images scanned from the same
surface. The figure of merit shows the match case as red and non-match case as blue in

Figure A.18. Table A.4 summarizes the statistic results. The precision of this method is

around 64%.
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Figure A.18 The figure of merit for the sector segmentation method
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Sectors Positive Negative | Total
True 5(42%) 7(58%) 12
False 3(19%) 13(81%) 16

Table A.4 The accuracy of the sector segment method for 28 cases

The results show that the automatic image processing is a promising method in the
forensic evidence area. The PSD method could hit 97% accuracy in a blind test. And in the
whole process, no subjective standard is involved. An additional point of interest is the high
speed of auto-routine analysis. For the 28 cases, the total time to comparison is less than

I5minutes. This is much faster than most of professional forensic analyst.

From the results, several challenges remained in the method development. First, the
largest detectable feature is limited by the size of scanning window. For larger samples or
larger fracture surface feature, larger scanning size or stitching multi-images are needed to
analyze the correlation. Another restriction of this method is the orientation of scanning
samples. The fracture surface is aligned with the same orientation while scanning samples.
However, in a real case, the orientation of fracture surface maybe random. Then the
anisotropic micro-feature will show low correlation. An additional optimization process is

needed to make the surface image aligned to distinguish the anisotropic feature.

A.4 Conclusions

In this work, a preliminary fracture surface correlation method is proposed. Steel

knives were bending to break. The fracture surface is scanned into digital images. Then from
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the frequency spectrum of the digital images, different levels of micro-features (toolmark)
are shown and correlated in figure of merit. Statistical algorithm is used to determine the
correlation of the pair of images. The statistical algorithm is developed to compare the
images based on forensic comparison process. The sectors method is a 2D method and has

70% accuracy. The PSD method is a 1D method and has 97% accuracy.

Although the PSD method works quite well with the knives in this work, more
materials and more environmental effect (for example, different contaminates) need to be

trialed. And additional optimization process is required to make the method more effective.
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