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Tuesday, June 20, 2006
Maintenance of Composite Aircraft Structures
Principal Investigator: Charles Seaton, Edmonds Community College
The Federal Aviation Administration cooperative agreement with Edmonds Community College has an
objective to develop a course on the Maintenance of Composite Aircraft Structures. This course is intended to
provide students with an awareness of safety issues regarding the maintenance and repair of composite materials
utilized in aerospace. The audience for this course includes engineers, technicians and inspectors, and is
applicable to other decision-makers associated with composite materials such as manufacturing planners,
purchasing managers and senior executives.
The framework and content for this course was developed in collaboration with industry, operators, academia
and regulatory authorities. Therefore, the results of this development will be published in a FAA Technical
Center Report, with the course objectives and assessment points through the SAE Commercial Aircraft
Composite Repair Committee (CACRC) pending final membership review and approval.
Phase I, completed in 2005, had a primary goal to develop a framework for the course and provide material
content in various forms for training organizations. The framework for the awareness course is defined by
Terminal Course Objectives (TCOs). Content which populates the course objectives includes text, laboratory
instructions and videos in support of the course. Several collaborative workshops and other forums were held in
order to involve industry, academia and government regulatory agencies during the development process. Two
of the workshops involved over 60 subject matter experts from around the world over a 3-day time frame.
Phase II, implemented during 2006, utilizes the information from Phase I to develop a formal course in a
distance learning format combined with a ‘hands-on’ laboratory. Feedback on the course was assembled from a
conference in March, involving representatives from regulators (FAA, EASA) and manufacturers (Airbus,
Boeing). Additional feedback has been gathered from a ‘beta’ course, held at Edmonds Community College, in
which experienced practitioners as students could provide feedback. The TCOs and content are complemented
by assessments, which will measure the effectiveness of student learning after completing the various modules
described in this course. Other supportive activities will enhance the curriculum, including updating the course
modules with the latest research on topics related to composite materials maintenance on aircraft.
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Tuesday, June 20, 2006
Certification by Analysis: Numerical Model Preparation & Analysis Guidelines
Principal Investigator: Gerardo Olivares, Wichita State University

The objective of this project is to develop detailed modeling, and validation guidelines to complement the
modeling, and compliance procedures described in AC 20-146.
Physical testing is increasingly being replaced by numerical simulation models because it provides a more rapid
and less expensive way to evaluate design concepts and design details. For example, in the field of automobile
design, simulation of crashes is replacing full scale tests, for both the evaluation of early design concepts and
details of the final design, such as development of the restraint system (i.e. airbags, seatbelts, seats etc), interior
component development (i.e. instrument panels, knee bolsters, etc), and vehicle structural design.
In contrast with the automotive industry, the aerospace industry crashworthiness numerical simulation methods
are primarily used at the very end of the product development process. Often they are applied to confirm the
reliability of an already existing design, or sometimes for further design improvements by means of optimization
methods. There are a number of CAE (Computer Aided Engineering) tools that could be used for solving aircraft
crashworthiness problems. These are best utilized by using a systems approach that uses a combination of CAE
tools, component tests, sled and/or full-scale tests.
To be useful, a numerical model must be realistic and yet simple to understand and easy to manipulate. These
are conflicting requirements, for realistic models are seldom simple and simple models are seldom realistic.
Often, the scope of a model is defined by what is considered relevant. Features or behaviors that are pertinent
must be included in the model and those that are not may be ignored. Modeling here refers to the process of
analysis and synthesis to arrive at a suitable mathematical description that encompasses the relevant dynamic
characteristics of the aerospace system or component, preferably in terms of parameters that can be easily
determined in practice (i.e. component testing). The procedure for developing a model is often an iterative one.
The cycle begins with identifying the purpose of the model and its constraints, as well as the kinds of
simplifying assumptions or omissions that can be made, determining the means of obtaining parameters and
insight into the discipline are essential to making appropriate simplifying assumptions. Whereas
oversimplification and omissions may lead to unacceptable loss of accuracy, a model that it is too detailed can
be difficult to use.
Advisory Circular (AC) 20-146 sets forth an acceptable means, but not the only means, for demonstrating
compliance to the following by computer modeling analysis techniques validated by dynamic tests:
• Title 14 Code of Federal Regulation (14 CFR) parts 23, 25, 27, and 29, sections 23.562, 25.562, 27.562,
and 29.562.
• The Technical Standard Order (TSO) associated with the above regulation, TSO C127/C127a.
This AC provides guidance on how to validate the numerical model and under what conditions the model may
be used in support of certification or TSO approval/authorization.
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AC 20-146 relays in the engineering judgment of the applicant and the FAA ACO to determine compliance.
This AC could be enhanced if more specific data pertaining the modeling and validation procedures were
defined. Data such as:
• Element formulations (Shells, solids, beams, parabolic, linear, etc)
• Mesh density
• Mesh quality (Aspect ratio, internal angles, warp, normal consistency, etc.)
• Material definitions (Strain rate hardening effects, material models, etc.)
• Material testing specifications
• Validation procedures with experimental data (Sled and component tests documentation)
• Part Joining guidelines (Rivet ,weld joints ,bolt interfaces, etc)
• Numerical ATD limitations
• Modeling techniques (Multibody , finite element, and coupling)
• Solution algorithms selection
• Time step selection
• Solver evaluations (Madymo, LSdyna3d, etc)
• Mass scaling allowable, etc.
The intent of this project is to provide an overview of best practices so that the reader can gain an understanding
of the fundamental modeling methods, a feeling for the comparative usefulness of different approaches, develop
an appreciation of the modeling problem areas, and limitations of the numerical models.
This will be accomplished by using the following approach:
• Phase I. Literature review / Industry needs review.
• Phase II. Application Case I: 25.562 Test Type 2 Modeling and Validation Procedures.
• Phase III. Application Case II: Part 25.562 Test Type 1 Modeling and Validation Procedures.
• Phase IV: Modeling and Validation Guidelines

Figure 1. Dynamic Test Conditions
Tues., June 20 presentation
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Tuesday, June 20, 2006
Damage Tolerance and Durability of Adhesively Bonded Composite Structures
Principal Investigator: Hyonny Kim, Purdue University
Professors Hyonny Kim, C.T. Sun, and Thomas Siegmund are working together to develop new and improved
methods for predicting adhesive joint failure. Ongoing research projects are:
•
•
•
•

Adhesive Constitutive Behavior for Use in Bonded Joint Analyses
Effect of Adhesive Thickness on Mixed Mode Fracture of Joints
Effect of Adhesive Thickness on Fracture Load in Lap Joints – CTOA Approach
Influence of Moisture and Bondline Thickness on Joint Fracture

I. Adhesive Constitutive Behavior for Use in Bonded Joint Analyses
Problem Statement. Determine best methodology for measuring the adhesive constitutive behavior, i.e., the
entire non-linear stress vs. strain curve, as show in Figure 1. We hypothesize that simple uniaxial bulk tension
coupons (see Figure 2) can be used rather than the conventional ASTM D5656 specimen (see Figure 3).
Project Background and Motivation. Precise knowledge of the adhesive constitutive behavior is needed in order
to conduct high accuracy modeling of adhesive joints. The ASTM standard test method D5656 is inadequate for
several reasons: (i) shows bond thickness-dependent behavior (see Figure 1), (ii) specimen is complicated to
fabricate and test is difficult to conduct, (iii) results are often inconsistent – e.g., varying failure stress and strain.
The bondline-thickness dependency is a clear indication that this test is measuring the structural behavior of the
thick-adherend joint, and not of the adhesive material behavior itself, as pure material behavior should be
geometry-independent. Furthermore, when measuring constitutive behavior for a set of various environmental
conditions, accounting for bondline thickness dependency results in an extremely large test matrix.
Approach to Solve the Problem. Experiments are being conducted: ASTM D5656 type joints and bulk adhesive
tensile coupons (see Figure 3). Constitutive data from the bulk coupon is a direct measurement of the intrinsic
material behavior; specifically, it does not exhibit any geometry dependency, such as on bondline thickness.
Methods for using measured bulk adhesive data to predict shear-joint behavior are being developed.

Figure 2. Bulk Adhesive Tensile Coupon

Figure 1. τ vs γ Data from D5656 Type Test
Tues., June 20 presentation
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II. Effect of Adhesive Thickness on Mixed Mode Fracture of Joints
Problem Statement. Understand how the mixed mode critical strain energy release rate (Gc) of structural
adhesives vary with bondline-thickness.
Project Background and Motivation. Fracture mechanics is the state of the art method for damage tolerance and
crack growth prediction. Adhesively bonded joints, while loaded nominally in shear, actually fail under a
mixture of Modes I and II fracture. This is due to the effects of adherend bending. Gc for pure Modes I and pure
Mode II fracture are well documented to a exhibit non-monotonic relationship to bondline thickness. Namely,
Gc is low for very thin joints, increases to a plateau value in the vicinity of 0.010 to 0.02 in. bond thickness, and
then decreases as the bondline increase past 0.02 in. Data showing the bondline thickness dependent behavior of
joints under Mixed Mode loading conditions do not exist. These data are being measured for the paste adhesive
PTM&W ES6292 (used by small aircraft companies). Developing an understanding of these data trends through
careful experimental measurements and observation, and via analyses, is also ongoing.
Approach to Solve the Problem. The Mixed Mode fracture test apparatus is shown in Figure 4. This was used to
generate 50% and 75% Mode II Gc data plotted in Figure 5. Pure Mode I was measured using the double
cantilever beam test, a pure Mode II was measured with 3-pt bending ENF specimen. The data show
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Figure 4. Mixed Mode Fracture
Test Fixture.

Figure 5. Summary of Mixed Mode Gc data.

III. Effect of Adhesive Thickness on Fracture Load in Lap Joints – CTOA Approach
Background and Motivation. It is well known that the thickness of bondline has a significant effect on the
fracture strength of adhesively bonded lap joints. A rigorous mechanics-based model for predicting this
thickness effect is still absent. Fracture mechanics based on the use of stress intensity factor does not work
because the fracture toughness determined is not a constant but depends on the bondline thickness. Crack tip
opening angle (CTOA) has been shown to be relatively insensitive to the constraining condition near the crack
tip in ductile fracture, and is thus a attractive tool for the present study.
Objective. The objective of this research project is to investigate CTOA as a tool to study the bondline thickness
effect on the fracture strength of adhesively bonded lap joints and to translate the result to explain the bondline
thickness effect on the joint strength.
Tues., June 20 presentation
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Approach and Progress. Single lap joints were investigated to establish the baseline data for the effect of
bondline thickness on the strength of lap joints. Aluminum alloy 7075 was used to make the adherends while
PTM&W ES6292 was used as adhesive. All of the specimens tested achieved cohesive failure. Figure 6 shows
the relation of failure load vs. bond line thickness. It is noted that as the adhesive thickness reaches about 10 mil,
the thickness effect is less obvious. DCB specimens with a pre-crack in the adhesive were then tested with result
given in Figure 7. it is clear that with a thinner layer of adhesive, the DCB specimen fails at a higher fracture
load. This behavior is consistent with the single lap joint without a precrack.
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A finite element model of the DCB specimen was set up to simulate the formation and growth of the plastic zone
as well as CTOA. Three bondline thicknesses (6 mil, 20 mil and 60 mil) were considered in the analysis. For the
three cases, the CTOA was calculated based on the displacements at the nodes behind the crack tip. Figure 8
shows the relation between the CTOA and the load applied at the opening end of the DCB specimen. It is
evident that, for the same load, the value of CTOA decreases as the bondline thickness decreases. In other
words, in order to reach the same critical crack tip opening angle, a greater load is required for the specimen
with a thinner bondline. This is consistent with the experimental results obtained so far.
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IV. Influence of Moisture and Bondline Thickness on Joint Fracture
Problem Statement. The goal of this research task is the development and application of the Cohesive Zone
Model (CZM) approach to the characterization of crack propagation in structural adhesives for aerospace
structures. For year #2 we aim to (a) verify the transferability of CZ parameters, (b) establish the approach for
environmentally assisted (moisture) crack growth, and (c) explore effects of bondline thickness on fatigue
failure.
Project Background and Motivation. In the CZM material failure is described by a constitutive relation between
traction and material separation. The material parameters cohesive strength, cohesive energy, and cohesive
length are obtained experimentally by calculating energy release rates and measuring crack opening
displacements at the initial crack tip. The use of the CZ approach to fracture of adhesives is attractive due to
several important advantages over other crack growth methodologies as it handles crack initiation and non selfsimilar crack growth. The CZM approach is shown in Figure 9.
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Figure 9. The cohesive zone model approach in the context of a structural adhesive.

Normalized Fatigue Threshold

Approach to solve the problem.
1. Transferability: Two types of DCB specimens were tested independently. The CZ parameters
determined in the lab were used to successfully predict both the force-displacement response and the
CTOA determined independently in Dr. Sun’s lab. Figure 10(a) shows the predicted and measured data.
2. Environmental Degradation: A novel modeling methodology was developed to find concentrations of
water in the fracture process zone in dependence of the actual failure process. The model couples the
mechanical fields to transient solution of water transport in the cohesive zone. Figure 10(b) shows the
predicted availability of water for a slot crack and an actual crack.
3. Fatigue: A CZM for fatigue developed by the Prof. Thomas Siegmund was employed to study the
fatigue failure in dependence of the bondline thickness. A Kitagawa type diagram was developed
showing the dependence of the fatigue threshold on bondline thickness, Figure 10(c). Funding of this
part of research was supported by AFOSR.
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Figure 10. (a) CTOA vs. crack extension; (b) Predicted water availability at a crack tip;
(c) Predicted fatigue threshold.
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Wednesday, June 21, 2006
VARTM Variability and Substantiation
Principal Investigator(s): Dirk Heider, Crystal Newton, and John W. Gillespie, Jr.,
University of Delaware
Research that will support the application of Vacuum-Assisted Resin Transfer Molding (VARTM) for
aerospace applications is being performed at the University of Delaware Center for Composite Materials
(UD-CCM), a member of the Center for Composites and Advanced Materials (CECAM), and part of the
FAA’s Joint Advanced Materials and Structures (JAMS) Center of Excellence. The long-term objectives of
the research is to improve VARTM repeatability equivalent to autoclave processing with specific properties
(property/weight) that are close to autoclave-processed part levels at a lower cost.
Repeatability
Property
Goal

A lower variation (higher repeatability)
in properties improves the allowable
design

Weight

Actual

Actual

VARTM
Autoclave

Figure 1: VARTM has the potential to reduce cost with equivalent
repeatability compared to autoclave processing
Low-void-content VARTM parts have been made in industry but low dimensional tolerances due to the
inherent thickness gradient and low fiber volume fraction compared to autoclave processing has limited the
process to few aerospace applications such as the CH-47 working platform (V Systems Technologies
Anaheim, CA) and A380 components made by EADS, Augsburg. The current study has developed the
fundamental understanding to predict dimensional tolerances, created unique characterization equipment to
better understand the sources of variability and has investigated various VARTM variations used in
aerospace.
VARTM is a composites manufacturing process that involves the lay-up of dry reinforcing fibers in fabric,
tape, or bulk form as a preform in a mold and impregnation of the preform with liquid resin using negative
pressure (i.e., vacuum), followed by cure and demolding. The advantages of the VARTM process include the
use of a single-sided, non-heated mold, which reduces tooling costs and other capital investments. Three
main VARTM process variations are being investigated: 1) The Seeman’s Composites Infusion Molding
Process (SCRIMP), patented by TPI Composites is a vacuum infusion process using a high-permeability
layer to rapidly distribute the resin on the part surface and then allow through-thickness penetration, 2) The
Controlled Atmospheric Pressure Resin Infusion (CAPRI) process, patented by Boeing Co. is a VARTM
variation where vacuum debulking and a reduced pressure difference is used to minimize thickness gradients
and resin bleeding, 3) The Vacuum-Assisted Process (VAP) process is patented by EADS using an airpermeable membrane on top of the distribution media to allow continuous and areal venting reducing void
content and creating a robust process variant.
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UD-CCM’s models are used to investigate the effects of processing parameters and different processing
scenarios on variation of resin flow, resin pressure and thickness variation of the composite laminate. The
important material parameters include the permeability of the preform and distribution media for flow
prediction as well as the compaction behavior to characterize dimensional tolerances. A new apparatus has
been developed at UD-CCM allowing measurement of the transverse permeability as a function of
compaction and debulking cycles using both gaseous and liquid flow. The experimental cell provides insight
into the variability of the incoming material and provides the needed understanding of the material changes
during debulking to fully understand the CAPRI process. An 80%-90% reduction in permeability is observed
as well as a 4-5% decrease in thickness after 200 debulking cycles increasing significantly the fiber volume
fraction in the part.
All VARTM processes apply vacuum across the infusion and vent gates allowing resin flow into the
reinforcement and compaction of the preform. The resulting pressure gradient during injection reduces the
compaction pressure near the injection line and increases the thickness of the preform and reduces fiber
volume fraction. After full infusion the pressure and thickness gradient can be reduced during a subsequent
resin bleeding step. Models have been developed to predict the dimensional tolerances as a function of
material parameters and process setup and can be used to optimize the CAPRI pressure during infusion and
the required gel time and/or vacuum pressure during resin bleeding to minimize the final part thickness
variation. Figure 2 shows the benefit and disadvantage of the CAPRI setup compared to conventional
VARTM processing. The final cured part thickness is greatly reduced due to the vacuum debulking of the
preform while the gradient is minimized with the application of partial vacuum in the infusion bucket.
Nevertheless, a potential disadvantage is the increase in infusion time due to the reduced pressure gradient
and reduced permeability of the fabric.
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Figure 2: The CAPRI process improves fiber volume fraction and dimensional tolerances while
increasing processing time
The VAP process provides an alternative approach to reduce variability. The air-permeable, resin-proof
membrane allows application of continuous vacuum compaction on the complete surface even during
infusion reducing the thickness gradient. The membrane also enables a more robust VARTM process that
minimizes/eliminates the potential for dry spot formation and lowers void content due to continuous
degassing of the resin during impregnation. Here, volatiles generated during processing can escape through
the membrane layer and reduce the void content well below 1% for typical epoxy resin systems. Research
has shown, however, that this innovative solution works only when the resin and membrane are compatible.
For example, current membrane material supplied by W. L. Gore & Associates GmbH is effective with
epoxy resin systems but inadequate for vinyl-ester systems, which have high styrene content. To fully control
the membrane-based process and extend its use to a wider range of resins, a fundamental understanding of
compatibility issues is currently developed.
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250 μm

250 μm
Figure 3: Vinyl ester part on the left shows high void content versus below 1% for the epoxy part
In summary, the VARTM process is poised to penetrate the aerospace market. New process developments
and a better fundamental understanding of the process allow part fabrication with improved dimensional
tolerances and good mechanical properties at reduced total fabrication cost. Typical fiber volume fraction of
above 55% with below 1% void content can be repeatable achieved bringing it close to autoclave properties.
In addition, the material suppliers have commercialized new toughened resin systems and non-crimp fabric
materials. Automation is also available to reduce the expert’s input currently required to fabricate
components. Still, continued research is on-going to allow for a better understanding of the infusion process
in particular when the system is scaled up to large and complex geometry components.
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Wednesday, June 21, 2006
Development of Reliability-Based Damage Tolerant Structural Design
Methodology
Principal Investigator: Kuen Y. Lin, University of Washington

Problem statement
The overall objective of this project is to develop a probabilistic method to estimate structural component
reliabilities suitable for design, inspection, and regulatory compliance. The proposed research spans over a
three-year period, consisting of two phases of study. The first year will focus on methodology development
and validation while the second and third year will concentrate on the application of the developed
technology, such as inspection scheduling and maintenance service guidelines. Detailed tasks to be
accomplished during the first year are: 1. Develop a probabilistic method for determine inspection intervals
for composite aircraft structures, 2. Develop computing tools and algorithms for reliability analysis, Establish
a database for reliability-based damage tolerance analysis, 3. Demonstrate the developed method on an
existing structural component.
Project background and motivation
The development of this approach is motivated by the increasing use of composite materials in aircraft
structures. Conventional aircraft design and certification philosophies are based on deterministic approaches
which use safety and knockdown factors for various design conditions such as moisture, temperature,
loading, and damage. Because of larger scatter in composite material properties and sensitivity of composite
structures to impact damage, traditional methods have led to very conservative designs and service guidelines
for composite structures. In essence, the conventional approach assumes that a “worst-case scenario” for each
design condition to occur simultaneously. The result is a substantial weight and cost penalty which reduces
the durability, lightweight, and performance advantages of composites.
As the use of composite materials in aircraft structures are becoming more widespread, a greater need exists
to determine the reliability of aircraft structures subject to accidental damage. Foreign object damage, ground
vehicle collisions and lightning strikes are but a few examples of accidental damage that an aircraft structure
must face during its operational lifetime. By using a nondeterministic approach, the structural failure risks
associated with accidental damage events can be assessed quantitatively, allowing aircraft manufacturers,
operators, and flight certification authorities to better evaluate and predict the damage tolerance and safety of
an aircraft structure.
The primary candidates for solving this problem have been the most advanced "Fast Probability Integration"
(FPI) methods developed by NASA's Chamis et a1, and NESSUS developed by Riha et al of Southwest
RIError! Reference source not found.. However the study of these software capabilities has revealed that
the FPI methods do not work with the discrete variables such as the number of damages or the number of
inspections to detect damage. The other candidates have been the “Level of Safety” method proposed by Lin,
et al.Error! Reference source not found. and “Probabilistic Design of Composite Structures” method by
Styuart, at alError! Reference source not found.. The approach presented here combines the two methods
proposed by Lin and Styuart. However, the NESSUS program has been used in present study to obtain the
probabilistic characteristics of initial and residual strengths.
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Approach to solve the problem
The proposed model is based on importance sampling of random histories of damage size throughout the life
of a structure. Such a history consists of a number of constant damage size intervals (damage no-growth
hypothesis is used). The starting time of each interval is a random value and the length is a random function
of the probability of damage detection and inspection interval. The history may be randomly simulated using
a finite set of primitive random variables such as damage occurrence rate and probability of damage
detection. The general scheme is outlined in Fig. 1. Instead of damage size history, it shows the appropriate
random residual strength life where the reduction of the strength occurs due to the presence of both
operational damage and material aging/corrosion. The primitive random variables of the model are: the
number and the size of damage and defects, the time of damage initiation, the number of inspections to detect
damage, the initial and residual strength as a function of damage size, strength after repair, and irreversible
strength degradation due to material aging, maximum mechanical loads and temperatures within constant
damage size interval. Those variables are simulated numerically in certain order to obtain the random
histories of residual strength.
As they can be simulated numerically, there exists the multivariate probability distribution function
describing the history (life). As this PDF is obtained, any model variable at any time instant can be described
probabilistically and the probability of failure can be evaluated. In addition to standard inspections used for
composites, the proposed
model may take into
account
the
health
monitoring results by
simulating
the
monitoring
as
very
frequent
inspections
having the appropriate
probability of defect
detection. The model is
capable of handling any
reasonable number of
defects/damages, various
types
of
damages,
inspections
and
monitoring, non-uniform
inspection schedule and
various decisions for
detected damage repair.
The special attention has been paid to the availability of input probabilistic data and the possibility to obtain
such data at reasonable cost. The method utilizes the stress/load/temperature spectra routinely obtained by
aircraft designers for fatigue evaluation. The NESSUS software has been used to obtain the scatter of initial
and residual strength. In order to obtain representative statistical data for the method, the in-service damage
database, which incorporates the data from FAA SDR and other sources has been established. The special
algorithms and software for this probabilistic analysis have been developed. The validity of the approach has
been demonstrated on several existing structural components. The main attention was focused on the
evaluation of the inspection interval and defect detection capability, which provide definite low level of the
probability of failure. Fig. 2 shows one of the interesting results of this study. The probability of failure is not
sensitive to the extent of strength restoration after repair in a quite broad range of restoration coefficient. This
fact can be used to reduce the repair cost.
Wed., June 21 presentation

14

The most significant finding of this study is that the reliability of a damage-tolerable composite structure can
be assessed on a quantitative basis depending upon the frequency and quality of inspections. This would
allow aircraft manufacturers, operators and flight certification authorities to establish the maintenance service
guidelines and estimate the reasonable inspection intervals. Engineers can use this methodology to establish
design and inspection guidelines while considering structural risk and maintenance cost at the same time.
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Wednesday, June 21, 2006
Structure Health Monitoring for Life Management of Aircraft
Co-Principal Investigators: J. D. Achenbach, S. Krishnaswamy, and I. M. Daniel,
Northwestern University

1. Problem Statement: The objective of this work is to develop a structural health monitoring system for
impact damage of a composite structural panel. The overall approach involves the following steps:
1.
2.
3.
4.
5.

A laminated composite panel suffers an impact load which causes delaminations.
A structural health monitoring (SHM) system, consisting of ultrasonic sensors, detects the
delamination and estimates the area(s) of delamination.
Under the influence of cyclic service loads, the delamination may grow.
The increasing size of delamination area(s), A, which is treated as the damage parameter, is
monitored by the SHM system.
A probabilistic fatigue damage theory predicts the number of cycles at which the delamination
reaches a critical size.

2. Project Background and Motivation: Substantial efforts are being directed toward implementing
efficient health monitoring procedures for aircraft structural components. SHM systems aim to minimize the
economic loss generated by unnecessary and premature replacement of expensive parts, without
compromising safety. Moreover, the risk of unexpected failure is dramatically reduced when the health
monitoring techniques are implemented. The accelerated trend of replacing conventional materials with
composites in aircraft construction requires the development of SHM systems that are appropriate to monitor
the type of damage that the composite parts are likely to suffer. In this work, Lamb waves are used as an
efficient ultrasonic method to investigate damage in composite components.
3. Work to date: Our effort on this project thus far has involved:
• acquisition/fabrication
of
various
composite specimens with seeded and real
defects;
• development of modally-selective Lamb
wave transducers;
• systematic study of detection and sizeestimation
of
mid-plane
seeded
delaminations in woven quasi-isotropic
carbon-epoxy composites.
3.1. Specimens: Several types of specimens were
acquired or fabricated. One type of specimen that
Figure 1. Sketch of the carbon-epoxy plain-weave quasiisotropic composite panel used in the investigation.
was investigated is a carbon-epoxy plain-weave
quasi-isotropic composite panel. The panel
contained numerous seeded defects as shown in Fig. 1.
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3.2. Modally-selective Lamb wave transducers: The transducers
developed in this work are based on an idea widely used in surface
acoustic-wave devices, that of a periodic array of coherently
vibrating sources. A schematic of the transducers is given in Fig. 2.
The piezoelectric material used is PVDF, a thin and flexible
polymer that is malleable and is of low cost. Along with the low
profile, these are important requirements for sensors intended to be
used in structural health monitoring. The PVDF film is 110 m
thick, it is poled in the thickness direction (axis 3), and has
piezoelectric constants of d33=-33pm/V and d31=23pm/V. The
periodicity of the array and the finger widths control the
wavelength and band-width of the generated/detected Lamb mode.
In a first experiment, the modal-selectivity of
the transducers was established. The schematic
of the experimental setup is illustrated in Fig. 3.
A matched pair of generating and receiver
transducers was mounted on the composite
panel. A 10-cycle tone burst was used for
excitation. The signal picked up at the receiver
was low-pass filtered and amplified.

Figure 2. Transducers schematics: top
and expanded cross-section views.

Figure 3. Schematic of the experimental setup. S and R
represent the source and receiver transducers, respectively.

The propagation characteristics of the mode excited with wavelength 0=4.5mm, N=8 fingers and
0=0.8mm, frequency f=0.31MHz, and plate thickness D=3.7mm, are shown in Fig. 4 for various source to
receiver distances. The group velocity is estimated to be cx=1.586mm/ s (from Fig. 4b), and corresponds to
what is expected for the A0 mode in this material at this thickness and frequency (fD=3.7x0.31MHzmm). The
coefficient of attenuation for this mode is estimated (from Fig. 4c) to be x=0.216Np/cm.
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3.3 Detection and sizing of delaminations: The modally-selective transducer pairs were then used on the
composite panel with seeded defects shown in Fig. 1. The same pair of Lamb-wave transducers was used for
all tests: 8 fingers, 20mm long, all of
equal-width ( 0/2), with a periodic
spacing of 0=4.5mm. It was observed
that distinct time delays arising from mode
conversion could be measured for acoustic
paths that included the seeded defects.
Time traces from 9 on- and off-the-defect
locations are shown in Fig. 5(a). While the
signals from the off positions are
consistently in phase, the signals from the
on positions exhibit clear time shifts,
apparently correlated with the size of the
Figure 5. Scan of the row of Teflon inserts (from 1.5in to 0.25in) on
defect as shown in Fig. 5(b).
the 3.7mm side of the panel. (a) Time traces from 9 on- and off-thedefect locations (full trace and zoom). (b) Time-delay calculated for
the 9 traces, using position 2 as reference. Two separate scans are
plotted. The location of the inserts along the x direction is shown
below the time-delay plot
Figure 6 shows the results for different types and sizes of
the defects. Again, measurable time delays were observed
whenever the acoustic path included one of the seeded
defects. It is therefore concluded that time-delays are a
simple way to monitor the presence and size of
delaminations defects in composite panels. We have
developed a simple model to quantitatively account for
the measured time delays, and the experimental results
are in line with the model predictions.
The modally-selective Lamb wave transducer can
therefore perform as a simple pair of sensors that can be
used in a structural health monitoring system to provide
quantitative information about the size of delaminations
defects in composite panels. Future work involves
demonstrating that this approach will work for impact
damage in composites, and incorporating the results into
a prognosis framework.
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Figure 6. Time-delay calculated from 10 onand off-the-defect traces, using position 1
(x=5cm) as reference, in a scan of columns with
different-type inserts of sizes 1in, 0.75in, and
0.5in, on the 3.7mm side of the panel.
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Wednesday, June 21, 2006
Full-Scale Damage Tolerance of Sandwich Structures
Principal Investigator: John Tomblin
Co-Principal Investigator: Suresh (Raju) Keshavanarayana, Wichita State University

Sandwich constructions are widely used in airframe structural applications due to the distinct advantages they
offer over other metallic and composite (monolithic laminate) structural configurations in terms of stiffness,
stability, specific strength, corrosion resistance, ease of manufacture and repair, and above all, the weight
savings. However, the sandwich structures are very susceptible to localized transverse loads, due to their
inherent construction [1-3]. These loads are transient in nature [1,2], and could be inflicted on the airframe
structure during various stages of the aircrafts’ life [1,2]. The response of sandwich structures to the transient
loads, the resulting damage states, their detectability and the effects of the damage states on the residual
properties have been widely investigated using experimental and analytical methods [1,3]. However, most
damage resistance and tolerance investigations have been confined to laboratory coupons, with limited
studies on scaling effects [4], while the studies on full-scale sandwich airframe components are rare. Most
previous investigations of fuselage type structures under combined loading conditions have been limited to
semi-monocoque metallic structures [5-7].
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The damage tolerance of sandwich panels has been
hitherto investigated by subjecting the damaged
specimens to uniaxial in-plane compressive loads.
The sandwich panels were observed to fail in
contrasting modes depending on the nature of the
initial damage magnitude and morphology [1,3].
However, the compressive residual strength was
found to correlate well with the planar damage size
with the asymptotic portion of the residual strength
degradation curve being populated by damage states
due to larger diameter (3”) impactors, as shown in
figure 1. The sandwich construction in an airframe
may in general be subjected to a combination of inplane axial and shear loads and out-of-plane normal
loads resulting from pressurization of the fuselage,
with the curvature of the structure adding to the
complexity of the problem. The particular
combination of loads may be a function of the
location on the airframe and the external loading
within the mission envelope. It is thus desired to
obtain an understanding of the behavior of critical
damage states [3] in a curved sandwich structure
under combined loading cases.
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Figure 1. Compressive residual strength vs. planar
damage area for impact damaged sandwich panels [1].
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In this investigation, the damage tolerance of full-scale cylindrical sandwich test articles with different
damage states will be studied experimentally. The testing will be conducted at the FASTER test facility at the
FAA William J. Hughes Technical Center Atlantic City, NJ. The typical test article geometry is illustrated in
figure 2 below.
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Figure (2): Geometric details of a typical cylindrical sandwich test article
The damage states that will be investigated include holes, longitudinal and circumferential notches and
impact damage. The test panels will be subjected to combinations of longitudinal tensile, pressurization and
hoop loading using the test fixture at the FASTER facility. In the ongoing investigation, the specimen
geometry and layup schedules have been designed to interface with the test fixture. An independent appraisal
of the test article design was conducted by Hostert Technical Services, Wichita, KS to determine any
potential pitfalls in the design. The analysis also estimated the failure loads and modes for the different
damage scenarios being investigated.
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The fabrication of the mold and test articles was contracted out to Adam Aircraft Co., CO. To date one panel
has been fabricated, instrumented at NIAR/WSU and shipped to the FASTER facility for testing. The first
panel, which does not have any damage, will be used for trial testing where the performance of the loading
edges and the uniformity of the strain fields will be appraised. The full-field strain measurement systems,
ARAMIS will be used for mapping the strain fields during this exercise. The fabrication of test articles with
damage is currently under progress.
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Wednesday, June 21, 2006
Damage Tolerance and Durability of Fiber Metal Laminates for Aircraft
Structures
Principal Investigator(s): Jenn-Ming Yang and H. Thomas Hahn, UCLA

Project Background and Motivation
Fiber-reinforced metal laminates (FML) are hybrid composites consisting of alternating thin layers of metal
sheets and fiber-reinforced resin prepreg. The most commonly used metal for FML is aluminum, and the
fibers can be Kevar or glass. The FML with glass fiber (tradename GLARE) has been selected for
applications in aircraft structures such as the crown panels and leading edges for A380 as shown in Figure 1.
These laminates possess excellent properties of both metal and fibrous composite materials. This
combination results in a new family of hybrid laminates with an ability to impede and arrest crack growth
caused by cyclic loading, with excellent impact and damage tolerance characteristics and a low density. Also,
the corrosion resistance is excellent because the prepreg layers are able to act as moisture barriers between
the various inner aluminum layers, whereas the metal layers protect the fiber/epoxy layers from picking up
moisture. As a result, GLARE laminates offer the aircraft structural designer a damage-tolerant, light-weight,
cost-effective solution for many applications. GLARE laminates seem poised for a much larger future in the
primary structure of pressurized transport fuselages.
The research and development activities to date have covered a variety of important aspects pertaining to
mechanical properties of GLARE. However, there are still limited and insufficient information available
about mechanical behavior of GLARE in published literature, especially for the cross-ply configuration of
GLARE (GLARE-4 and GLARE-5), and some areas still remains to be further verified by more detailed
testing.
Also, the damage tolerance and durability certification methodology of a GLARE laminate in comparison
with a certification of aluminum structures needs to be established. The objectives of the proposed work are
to investigate the damage tolerance and durability of bi-directionally reinforced GLARE laminates. Such
information will be used to support the airworthiness certification of GLARE structures.
Approach to Solve the Problem
During 2004–06, we have conducted both experimental and analytical work to study the damage tolerance
and durability of GLARE laminates with bi-directionally reinforcements. These include (1) open-hole notch
strength, (2) impact behavior and damage development, (3) residual tensile strength after impact, (4) postimpact fatigue behavior and (5) off-axis fatigue behavior. Specifically, during 2005–06, we have focused on
investigating the post-impact fatigue and off-axis fatigue behavior of GLARE laminates. The results are
briefly summarized below:
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(a)

Post-Impact Fatigue Behavior

Three different impact energy levels were used to inflict barely visible impact damage, clearly visible impact
damage and perforation on the laminates. Constant amplitude tension-tension fatigue tests were conducted. The
maximum stress levels were selected to be 20-60 % of residual strength after impact. Figure 2 shows the
comparison of post-impact fatigue crack initiation and fatigue life of GLARE 4, GLARE 5 and 2024-T3 Al with
barely visible impact damage under different fatigue loads. The crack initiated in the Al layer from the impact
dent and propagated to the edge. Both GLARE laminates exhibited a shorter fatigue crack initiation life as
compared to 2024-T3 Al. Since the S-2 glass/epoxy layers have a lower modulus, the Al layer experienced a
higher stress, leading to a shorter crack initiation life. However, the growth of the crack to the edge did not lead
to catastrophic failure because the glass fibers have sufficient residual strength to carry the fatigue loads. It is
obvious that both GLARE 4 and 5 have a much longer post-impact fatigue life than 2024-T3 Al.
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(b). Off-axis Fatigue Behavior and Modeling
The off-axis fatigue behavior of Glare4-3/2 and Glare5-2/1 laminates with a center hole was investigated to
better understand the damage progression under multiaxial loadings. Tension-tension fatigue testing of
GLARE laminates with different off-axis angles: 15, 30, 45° were conducted and compared with that of the
0° fiber direction. The fatigue damage progression and crack growth behaviors were characterized. The
damage evolution during fatigue testing was monitored using nondestructive evaluation technique (X-ray
radiography and ultrasonic C-scan). It was found that as the off-axis angles increased, the fatigue crack
initiation and life decreased for both Glare4-3/2 and Glare5-2/1 laminates as shown in Figure 3. The crack
growth rate and damage progression were also influenced strongly by the loading directions. This is due to
fiber bridging effect was severely compromised when the loading is not parallel to the 0° fiber direction. A
simple phenomenological model was also used to predict the fatigue crack growth rate as a function of
loading directions.

Figure 3: Off-axis fatigue crack initiation and life of GLARE laminates
(c) Information System for Certification
Along with the analytical and experimental part of this work, development of an information system for
damage tolerance design, and certification of GLARE laminate was developed. This system is based on the
knowledge database that contains results of current experimental program as well as summary of the
experimental data available in the literature. This information system will facilitate retrieval of critical data
during design process and in making certification decisions regarding damage tolerance and durability of
GLARE structures.
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Wednesday, June 21, 2006
Combined Global/Local Variability and Uncertainty in Integrated
Aeroservoelasticity of Composite Aircraft
Principal Investigator: Eli Livne, University of Washington

Background:
With composite structures, potential sources of structural variation and deviation from original characteristics
of an airframe over its lifetime in service are numerous: moisture absorption, crack and delamination
progress, softening of bonded joints, damage due to impact, and material degradation resulting from radiation
and other environmental effects. These variations and deviations from the nominal design may lead to
stiffness and mass variation with time. They can start as localized effects, but develop to potentially affect the
overall stiffness and mass distributions of major structural components. This may lead to increased loads
caused by changes in aeroelastic deformation under load and to aeroelastic instabilities such as divergence
and flutter.
The problem seems to be particularly severe for composite control surfaces. Over time, moisture absorption
can lead to increased mass and inertia and lack of balance, and wear of hinges and linkages can lead to
reduced stiffness or nonlinear stiffness of hinges. The combined effect might lead to flutter or limit cycle
oscillations and fatigue.
Pictures of the damaged vertical tail / rudder assembly of an Air Transat Airbus A310-300 illustrate the
problem. While the investigation is not yet concluded and it is not clear what the reasons for the rudder
detachment were, one possible scenario is that local damage in the upper hinge area led to the separation of
that hinge, and as a result, to dynamic instability or destructive oscillations of the rudder on its other hinges.
Local damage in this case, might have led to global aeroelastic instability.

With digital flight control systems, the ease with which control laws can be changed throughout the lifetime
of an airplane has greatly increased. Pilot feedback, avionics, and actuation system changes and changes in
operational requirements or mission needs all lead to changes in control laws as the airplane is modified over
time. The problem is that with high-authority active control systems the control system is an integral part—
with the loads, structures, and flight mechanics models—of the simulations and tests that demonstrate fatigue
life for the airframe. Modification of control laws means modification of airplane response, changes in
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dynamic loads and loads spectra, and resulting changes in fatigue life. The problem has been encountered in
modern fighter aircraft, where late changes in control laws were found to lead to major effects in fatigue life.
Problem:
• Develop better understanding of effects of local structural and material variations on overall
aeroservoelastic integrity.
• Develop computational tools (validated by experiments) for linking variations in local structural
properties to the resulting global linear/nonlinear behavior of the integrated aeroservoelastic system.
Cover cases of multiple local variations/ damage.
• Develop statistical tools for the evaluation of structural variability in composite airframes on their
reliability.
• Establish a collaborative expertise base at the University of Washington for future response to FAA
and industry needs, R&D, training, and education.
Approach:
Computational capability development will focus on quantification of effects on stiffness of key local effects
in composite structures, global aeroelastic/aeroservoelastic (ASE) analysis capable of evaluating variations
and uncertainty to such local effects, and integrated local/global modeling capability for uncertain composite
structures. Capabilities for simulation of the effects of control surface nonlinearities on aeroelastic and
aeroservoelastic behavior of full scale airplanes will be developed and used to study effects of nonlinearity
and uncertainty mechanisms and guide maintenance practices. Simultaneously, an experimental structural
dynamic/aeroelastic testing capability for composite airplane structure models will be developed at the UW,
and tests will be planned and conducted to study effects of damage on stiffness of components and models.
The analytical, numerical, and experimental technology developments will all be done in close collaboration
with The Boeing Company.

Approach (continued):
1. Evaluate State of the Art and Report.
2. Create Aeroelastic (AE) / Aeroservoelastic (ASE) Sensitivity Analysis Tools for Sensitivity-toDamage Evaluation.
3. Create Aeroservoelastic Uncertainty Analysis Tools for Composite Aircraft (Statistical and
Deterministic)
4. Develop Tools for Identifying Most Critical Scenarios Due to Local Structural Variation:
Aeroelasticity (AE)
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5.
6.
7.
8.

Develop Tools for Identifying Most Critical Scenarios and for Control System Modification with
Minimal Effects on Fatigue Life: Aeroservoelasticity (ASE)
Develop Tools for Simulating Effects of Uncertainty and Nonlinearity of Control Surface
Attachments and for Devising Maintenance Guidelines
Build a Structural Analysis / Aeroelastic Experimental Capability for Composite Structures at the
University of Washington
Create an Industry-Quality Expertise Base for AE and ASE of Composite Aircraft in Anticipation
FAA and, possibly, NTSB future Needs.

Sample Results:
Using our time domain simulations of wing / control surface aeroelastic behavior, a rough mathematical
model for the probability of aeroelastic failure of a damaged / repaired composite structure has been built.
Two-dimensional 3-degrees-of –freedom aeroelastic system (e.g. vertical tail with rudder) with free play in
the control surface DOF is considered. The following figure shows limit cycle oscillation amplitudes (RMS
values) for a system with given characteristics as a function of flight speed.
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For uncertain systems, structural variations (including effects of damage) may result in:
• reduction of stiffness
• moisture absorption and possible changes in properties
• changes in stiffness and inertia properties after damage repair
• irreversible properties degradation due to aging
The failure associated with aeroelastic phenomena is defined as intolerable vibrations of the
intact/damaged/repaired control surface due to limit cycle oscillations or divergent flutter. Probability of
failure is defined as the probability that the root-mean-square deflection of control surface exceeds the
specified level due to random critical combination of airspeed and initial disturbance (discrete gust).
Extension of failure criteria to vibration levels in flight deck or passenger compartment, or unacceptable
dynamic stresses is straightforward.
The primitive random variables which are considered to be independent include:
• 5 geometrical parameters
• 6 inertia parameters
• 4 stiffness parameters
• 3 structural damping parameters
• 2 free-play parameters
• air density, airspeed, discrete gust velocity
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The figure below shows typical empirical probability density for LCO amplitude including divergent flutter.
The probability of divergent flutter is about 1e-4 per life.
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Wednesday, June 21, 2006
Quantifying Methods for the Evaluation of Carbon Based Composite Surfaces
for Subsequent Adhesive Bonding
Principal Investigators: William T.K. Stevenson1, Irish Alcalen1, Lamia Salah2,
Mike Borgman3, Robert Bohaty3, Dennis Burns1
1

Chemistry, Wichita State U
NIAR, Wichita State U
3
Spirit Aerosystems
2

The problem
The production of fiber reinforced composite parts has revolutionized the aviation industry. If a defect is
detected after cure and during assembly or if a defect is introduced through “wear and tear”, said defect must
be cut out and replaced with prepreg cured and bonded in place. In order for repair to be effective, the
prepreg must form a strong bond with the precured composite surface. This type of composite repair is both a
labor intensive and expensive process and directly impacts both the costs of manufacturing and maintenance.
Fiber reinforced composites absorb water into the resin phase, mostly during use or in storage under a humid
atmosphere. A wet composite surface will not form a strong bond with adhesive and prepreg. Before a strong
bond can be formed the composite must be thoroughly dried. This can take hours of heating and vacuum
pumping on the composite before the bond is formed with now prepreg. There exists a need for an easy to
use nondestructive test that can be brought to the part to identify “dry” or “wet” composite, both on the
shopfloor and in the “field”.
A proposed solution
Water dissolved in plastic produces a unique and reproducible signature in the near Infrared (IR) spectrum.
Transmission near IR spectroscopy can be used to look through and analyze very thick samples of plastic.
However, carbon fibers absorb near infrared energy very efficiently and so transmission near IR cannot be
used to analyze carbon fiber reinforced composite samples. It was felt that a relatively new near IR detector
based on diffuse reflectance technology – the “integrating sphere” tm, marketed by Thermo Electron, could
overcome this problem by analyzing near IR radiation that reflects back off the surface of the composite
without needing to pass through the composite. Near IR spectrometers can be custom built as small portable
units that can fit on a cart. If successful, impetus will exist to redesign the integrating sphere as a hand held
unit attached to the spectrometer with fiber optic cables. The detector could then be made to touch the part
and be used to label it as “dry” or “wet’ prior to repair. A near IR integrating sphere module was built for the
Nexus research grade IR spectrometer. Sample “preparation” consists of sitting the sample on top of the
module.
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Abstracted from the presentation
(1) Can we obtain meaningful near IR spectra using the integrating sphere module with a high
performance epoxy resin and can we quantify the effect?
The resin component of a high performance epoxy prepreg containing generic “934” resin was subjected to
chemical analysis. Based on the results of this analysis, we were able to formulate and cure fiber free resin
with the same composition. The near IR integrating sphere spectrum of the resin before and after absorption
of water is shown in Figure 1 (left). The 5215 cm-1 absorbance due to water (arrowed) is isolated from other
signals and is clearly shown to increase when the sample absorbs water. Normalized 5215 cm-1 peak
intensities are plotted against % water uptake in Figure 1 (right). The data from multiple samples overlays
into a single plot with somewhat higher scatter than that observed with a medium performance resin system
(omitted) to show that the near IR technique can be used to measure water uptake in this resin. Samples were
equilibrated with water and the water was then desorbed. Data (omitted) indicate that the technique is equally
valid during water desorption or drying of the resin.
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Figure 1 (left) Near IR spectra of a high performance epoxy resin containing MY720 epoxy resin and DDS
curative before (blue) and after (wine) water absorption. The water absorption (overtone) is denoted by the
arrow. (right) A plot of normalized water absorbance at 5215 cm-1 versus % water uptake for this resin
system
(2) Can we obtain meaningful near IR spectra using the integrating sphere module with a high
performance epoxy resin – carbon fiber prepeg and can we quantify the effect?
Composite plaques were fabricated using carbon fiber reinforced 934 resin woven prepreg. Samples were
vacuum bagged but not pressurized to produce a composite containing a high resin content to speed
equilibration of water through the sample. Both the “bag” and “tool” face of the composite were examined by
near IR spectroscopy using the integrating sphere module. Based on the results of these and other
experiments on composite samples supplied by Spirit Aerospace and NIAR, it was concluded that the
technique had well defined and reproducible strengths and limitations when applied to composite materials.
We are consistently able to produce good spectra when examining the “bag” (or peel ply) face of the
composite. In contrast, reproducible spectra cannot be obtained from the “tool” face of the composite. Both
composite faces consist of resin over the first layers of composite. Upon examination of composite plaques in
cross section by optical microscopy and SEM, it is revealed that the layer of surface resin is consistently
thicker over the “bag” or peel ply face than over the tool face.
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To illustrate these observations, near IR spectra of composite from carbon fiber reinforced woven 934 resin
composite are reproduced in Figure 2. The absorbance due to water at the “tool” face of the composite can
be measured. However, normalization of the water absorbance is not possible. In contrast, water at the “bag”
surface, arrowed in Figure 2 (left), produced an absorbance that can be normalized. A plot of normalized
absorbance at 5215 cm-1 versus water content (in the resin phase of the 934 composite at the “bag” face) is
illustrated in Figure 2 (right).
generic 934 composite water uptake
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Figure 2 (left). Near IR spectrum of the “bag” face of the composite. (left) Plot of absorbance at 5215 cm-1
versus water content in the resin phase of the composite (right).

Past and Future Milestones and Significance of this Work
It has been shown that diffuse reflectance near infrared spectroscopy, as measured using integrating sphere
technology, is a nondestructive technique for the measurement of water in composite systems. This near IR
technique will next be integrated into a NIAR-Spirit-FAA project to determine the influence of water and
other contaminants on the mechanical properties of scarfed and repaired BMS8-276 CF reinforced
composite. In parallel, near IR instrument makers will be lobbied to design and build a portable version of
integrating sphere technology for the analysis of water content in a composite part on the shop floor.
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Wednesday, June 21, 2006
Improving Adhesive Bonding of Composites through Surface Characterization
Principal Investigator: Brian Flinn, University of Washington
Background:
Joints represent one of the greatest challenges in the design of structures in general and of composite
structures in particular. Joints entail interruptions in the geometry of a structure and often material
discontinuities. The latter almost always produce localized areas of high stress.
In principle, adhesive joints are structurally more efficient than mechanically fastened joints and therefore,
they offer the potential for structural weight saving because they provide better opportunities for eliminating
stress concentrations. For example, advantage can be taken of ductile response of the adhesive to reduce
stress peaks. Mechanically fastened joints tend to use the available material inefficiently. However, adhesive
joints tend to lack structural redundancy, and are highly sensitive to manufacturing deficiencies, including
poor bonding technique, poor fit of mating parts and sensitivity of the adhesive to temperature and
environmental effects such as moisture. Assurance of bond quality has been a continuing problem in
adhesive joints. While ultrasonic and X-ray inspection may reveal gaps in the bond, no technique currently
available can guarantee that a bond that appears to be intact does, in fact, have adequate load transfer
capability.
Most joint design principles are irrelevant if adhesion between the adherends is poor. Integrity of a bond
hinges on strong primary chemical bonding and, to a lesser degree, mechanical factors. Surface preparation is
the most important factor, because it can remove contamination from the environment or left from processing
and can create chemically active surfaces. It is therefore of the utmost importance that surfaces be properly
prepared in order to create strong bonds. Surface preparation and bonding techniques have been well
developed for metal-to-metal bonding; however, this is not the case for composite-to-composite or
composite-to-metal bonding. Techniques to achieve good bond strength in composites have been developed,
but there is not a fundamental understanding of the role of surface preparation techniques at the atomic level.
Peel ply, the predominant method for secondary bonding preparation in aircraft, is a woven fabric added as
the last layer in the lay-up of the composite part to be bonded. During cure, the epoxy in the part becomes
viscous and flows into gaps in the peel ply. The peel ply is removed from the surface immediately before
bonding. Though the effect of surface roughness and material removal on bond quality has been investigated
for abrasive surface preparation techniques, the authors have not been able to find any published work with
respect to the effect of surface texture from peel ply prepared on bond quality. The moisture content of
prepregs, laminates and adhesives has been shown to have a strong, negative effect on bond quality, but no
publications or manufacturers’ specifications have been found with respect to moisture content or storage
requirements for peel ply.
Objective:
The goal of this research is to further understand the effect of peel ply surface preparation on the durability of
primary structural composite bonds through surface analysis coupled with mechanical testing and
fractography. This aspires to an empirically developed framework that can be used to guide surface
preparation procedures and adhesive selection for existing and future composite systems.
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Approach:
1. Produce unidirectional ten-ply laminates from 176o C cure aerospace carbon fiber/epoxy prepreg
strips covered with a layer of one of nine different polyester or nylon peel ply fabrics of different
textures.
2. Separate polyester 60001 peel ply into three moisture treatment groups: stored at ambient conditions
(20o C and 50% + 10% RH), 25o C-90% relative humidity for 18 hours, 60o C-90% relative humidity
for 18 hours, and dried in an oven at 60o C for 18 hours.
3. X-ray photoelectron spectroscopy (XPS) and contact angle measurements of laminates after peel ply
removal.
4. Bond laminates with Metal Bond 1515-3 or AF 555 film adhesives after peel ply removal.
5. Perform mode I fracture toughness and fractography.
6. Correlate surface characterization with the mechanical properties.
7. Coordinate results with study on long-term durability of samples conducted by Lloyd Smith at
WaSu.
Preliminary Results:
The measured fracture energy (GIC) of the bonded samples (averaged from the 10 tested samples from each
peel ply) is presented in Table 1 with the mode of failure, and in Figure 1 as a function of peel ply material
and weave (surface texture) and adhesive.
Table 1 Average GIC data and failure modes of prepared laminates
GIC
2
(J/m )

40000 AF

Peel Ply
Material
Nylon

745

Standard
Deviation
75

40000 MB

Nylon

209

58

Adhesion

52008 AF
52008 MB
60001 AF

Nylon

911
122
910

80

Cohesive/Interlaminar
Adhesion
Cohesive

Specimen ID#

Nylon
Polyester
Polyester

60001 MB
60004 AF
60004 MB
60004 VLP AF
60004 VLP MB
60005 AF
60005 MB

Cohesive

202

956
856
863

Polyester
Polyester
Polyester

Cohesive/Interlaminar

15
35
35

812

Polyester

Failure Mode

Cohesive
Cohesive
Cohesive

914

37
49
140

Polyester

904

38

Cohesive

Polyester

657

277

Cohesive

Cohesive

1200
Adhesive A
Adhesive B
956

1000
914

911
863

910

904
856

812
800

745

GIC (J/m

2)

657
600

400
209
200

122

0
52008(Nylon)

40000(nylon)

60004 VLP
60004
PFG Peel Ply Code

60005

60001 As Rec

Figure 1. Average GIC of laminates. Peel ply weaves coarsen from right to left.
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Three of the five nylon peel plies could not be removed from the laminates without substantial damage and
these samples were not bonded, so it is difficult to draw conclusions on the effect of peel ply surface texture
using nylon peel plies. From the data using polyester peel plies the effect of surface texture appears minor,
especially when the fracture is cohesive (within the adhesive layer). Surface texture may be more important
when fracture occurs along the adhesive/laminate interface or when Mode II loading is present.
The bond quality of laminates produced with nylon peel plies was very sensitive to the adhesive used. AF
555 bonded well to the nylon prepared surfaces; where as MB 1515-3 did not. This is reflected in both the
GIC values and the mode of fracture shown in Table 1. A dramatic decrease in fracture energy was observed
when nylon-prepared surfaces were bonded with MB 1515-3 and the fracture mode changed from cohesive
(AF 555) to adhesion (MB 1515-3). X-ray photoelectron spectroscopy revealed amides on the surface of the
nylon prepared surface most likely due to remnants of nylon peel ply remaining on the prepared surface. Due
to the proprietary nature of adhesives, it is difficult to determine why the AF 555 adhesive is more tolerant of
amide contamination on the surface.
To investigate the effect of peel ply on surface energy, initial contact angle measurements were made using
DI water and the nylon surface had a lower contact angle, , (better wetting) and hence a higher surface
energy according to Young’s equation:

γ sg = γ sl + γ lg cos θ

where

is surface energy and subscripts s, g, and l refer to solid, gas and liquid.

The difference in bond quality between polyester and nylon prepared surfaces contradicted the contact angle
data. To more accurately measure the surface energy of the laminates, 10 measurements each with three
fluids of known surface tension were taken. Klaeble plots were created to determine the dispersive and polar
components of surface energy, and then wettability envelopes were plotted. Fluids with surface energies
inside these envelopes are predicted to wet spontaneously and those outside the envelope are not. Wetting is
critical for bonding and therefore the wettability envelopes are a potential method to determine if a surface is
suitably prepared. There are significant differences in the wettability envelopes between nylon and polyester
prepared surfaces as is evident in Figure 2 in which the envelopes for nylon and polyester are shown.

40
35

d

2

γl (mJ/m )

30
25
20

Epoxy Adhesives

15
10
5
0
0

10

20
p

30

40

2

γl (mJ/m )
Figure 2. Wettability envelopes for laminates prepared with nylon peel ply and polyester peel ply.
(Left to right at the nose: polyester and nylon.)
Wed., June 21 presentation

34

For reference, typical values of surface energies for epoxy adhesives are shown by the shaded circle. The
precise surface energies of the adhesives used in this study were not available from the literature or the
manufacturers; measurements are currently being taken. Epoxy adhesives fall within the envelope for
polyester prepared surfaces, but are on the boundary for the nylon surfaces. This may offer a possible
explanation of the poor bonding with MB1515-3 on nylon peel ply prepared surfaces. The surface energy of
MB1515-3 may be slightly outside the wettability envelope of nylon prepared surfaces.
The effect of moisture in the 60001 polyester peel ply on GIC is presented in Figure 3. All samples failed in a
cohesive manner with respectable GIC values. The slightly higher value of GIC for laminates prepared with asreceived 60001 peel ply has not been explained; this may be an experimental anomaly. Based on the cohesive
fracture mode of all the samples and bracketing of the as-received GIC data by the wet and dry data, it appears
that peel ply moisture has little if any effect on the bonding of the cured laminates with AF 555. Other
adhesives maybe more sensitive to moisture than AF 555 and other peel plies/laminate systems may be
affected by pre-cure moisture in the peel ply.
1000.0
909.6
900.0
800.0

772.4

743.8

GIC (J/m 2)

700.0
600.0
500.0
400.0
300.0
200.0
100.0
0.0
60001 Wet

60001 As Rec

60001 Dry

Peel Ply

Figure 3. Average GIC of laminates prepared with 60001 peel ply conditioned at
various humidity levels and bonded with AF 555.
Summary:
Uncoated polyester peel plies were easily removed from laminate surfaces after curing and produced good
bonds with both adhesives for all textures (GIC> 850 J/m2, cohesive failure). Nylon peel plies were more
difficult to remove from the laminate and in some cases could not be removed without damaging the
laminates. Finer weaves were easier to remove than coarser weaves. Laminate surfaces prepared with nylon
peel plies bonded well with AF555 (GIC> 750J/m2, cohesive failure). Laminate surfaces prepared with nylon
peel plies bonded poorly with MB1515-3 (GIC<210 J/m2, adhesion failure) due to amide contamination of the
surface from the peel ply. Single fluid contact angle measurements were insufficient to predict this failure,
while wettability envelopes may provide a more complete picture. Neither peel ply texture nor peel ply
moisture content had significant effect on fracture energy or mode of failure.
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Wednesday, June 21, 2006
Effect of Surface Treatment on the Degradation of Composite Adhesives
Principal Investigators: Lloyd Smith and Prashanti Pothakamuri, Washington State
University

INTRODUCTION
This project considered the effects of environmental degradation on adhesive bonds involving composite
adherends. The first aim of this work was to quantify how surface preparation techniques affect the integrity
of adhesive bonds. The second aim was to investigate test methods that may accelerate environmental
degradation.
MOTIVATION and BACKGROUND
Composite materials are being incorporated into primary structural applications on commercial aircraft to
improve fuel efficiency, reduce maintenance costs and enhance passenger comfort. To this end the use of
mechanical fasteners for joining structures is increasingly giving way to adhesive bonding. The degradation
mechanisms are more complex in bonded regions than in the bulk structural material and are less understood.
The failure of the Aloha flight 243 fuselage illustrates the importance of understanding the long term
durability of adhesive bonds.
Acceptable surface quality of composite adherents for adhesive bonding is often achieved by removing the
peel ply used to process prepreg material. In this case surface quality becomes a function of the peel ply
textile structure and material. Peel plies incorporating silicone to achieve release (SRB) for instance, create
surfaces that are difficult to bond to. It is not uncommon to apply secondary treatments to prepare surfaces
for bonding. This study considered two abrasive techniques: sanding and grit blasting. The goal of both the
peel ply and abrasive surface preparation techniques was to create a surface near or at the fiber that was
receptive to adhesive bonding.
APPROACH
To consider the effect of surface preparation Boeing 8-276 form 3 laminates were processed using polyester
(precision fabrics 60001) nylon (precision fabrics 52006) and siloxane coated polyester (super release blue or
SRB) peel ply. The effect of secondary abrasion was considered by sanding (220 grit) and grit blasting (80
and 220 grit). All coupons were bonded with AF555 (3M) at 350°F.
Moisture sensitivity
To evaluate the purported moisture tolerance of AF555, wet and dry adherends were processed using the
polyester peel ply into wide area lap shear coupons (WLS). Wet adherends were placed in 90% RH to
achieve 1% weight gain prior to co-bonding the uncured skin to the precured skin. The coupons were loaded
to 0, 2, 3 and 4 ksi for 1000 hours while immersed in 140° F water. The residual shear strength was observed
to decrease with increasing creep stress, as shown in Fig 1. No significant effect of adherend moisture
content prior to bonding was observed. The failure mode for these coupons was generally in the adherend
between the fibers and the resin layer left by the peel ply.
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Fig.1 Creep load summary of Dry Co-Bonded (DCB) and Wet Co-Bonded (WCB) wide lap shear
coupons.
Peel Ply
To consider the effect of peel ply, laminates processed with polyester, nylon and SRB peel ply were bonded
to form double cantilever beam (DCB) and WLS coupons. These were immersed in 140°F water for 6200
hours to achieve a moisture level of 1.3%. The WLS coupons were then given a creep load of 80% UTS.
Subsequent weight measurements of traveler coupons showed a weight gain of 1.4% after 8200 hours of
140°F water exposure. Thus, the 6200 hour immersion was close to, but not complete saturation.
The relatively long saturation period (which scales with the thickness squared) was due to the thickness of
the nearly 0.3 inch thick test coupons. The diffusion coefficient of the composite at 140°F was found to be
6.9x10-6 mm2/s. By comparison the room temperature diffusion coefficient of the adhesive was found to be
4.16x10-5 mm2/s. The larger diffusion coefficient of the adhesive was due to its high toughness which is
achieved from a lower cross link density than the composite matrix. The large discrepancy between the
diffusion coefficients of the matrix and adhesive was apparently not widely known and will be the subject of
future studies.
The average creep rupture of the WLS coupons was 156, 180 and 220 hours for the SRB, nylon and
polyester, respectively. The creep rupture duration was commensurate with the peel ply quality and suggests
that aggressive creep stress may have potential in accelerated degradation studies. In general it was observed
that moisture tended to enhance substrate failure. This result was surprising given the higher moisture
absorption of the adhesive and motivated further study as described below.
The saturated Double Cantilever Beam (DCB) specimens produced average strain energy release rates for
polyester, nylon and SRB of 3.75, 1.47, 0.43 in.lb/in² respectively. The 60001 peel ply resulted in stronger
bonds with 100% adherend failure than the surfaces formed with nylon and SRB peel ply as shown in Fig.2.
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100% adhesive 100% adhesive 50% cohesive,
failure
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50% adherent

Fig.2 Failure modes of DCB and Lap shear coupons.
Wedge crack tests were performed for the three peel plies to study the crack growth rate. Specimens
measuring 6 by 1 in. were immersed in water at 140 °F. The average initial crack lengths after inserting
the wedge for the polyester, nylon and SRB specimens were 3.39, 3.41, 4.34 inches, respectively, while the
crack growth lengths after 24 hrs of water immersion were 4.12, 4.11 and 5 inches respectively. The absence
of accelerated crack growth during the immersed exposure of the SRB specimens suggests this coupon
design may not be suitable to accelerate degradation for this material.
Abrasive surface preparation
The effect of abrasive surface preparations was considered by sanding (220 grit) and grit blasting (80 and 220
grit) adherent surfaces. Double cantilever beam (DCB) specimens made from these surface techniques were
tested to find the strain energy release rates as shown in Fig. 3. The lower G1c values of the grit blasted
surfaces may be due to erosion. SEM pictures revealed clusters of resin removed by the grit so that fibers
were prominently visible.

Mean G1c (in*lb/ in^2)

6.0
5.0
4.0
3.0
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0.0
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(Alumina 220)

Peel Plypolyester
(60001)

Gritblast - 220

Gritblast - 80

Fig.3 Mean G1c’s of the DCB coupons (baseline test summary)
Ongoing Work
The effect of load on DCB coupons with sanded and grit blasted surfaces is under way. Constant and
fluctuating loads will be applied to immersed coupons. Compression Interlaminar shear (CILS) coupons
will be used to consider the effect of moisture on the composite substrate integrity. This work will consider a
two week immersion in water at 160F to study the affects of moisture on the composite.
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Wednesday, June 21, 2006
Identification and Validation of Analytical Chemistry Methods for Detecting
Composite Surface Contamination and Moisture
Principal Investigator: Xiangyang Zhou, University of Miami

Background/Problem
Adhesive bonding has been used in the manufacture and repair of primary aircraft structures for over 50
years and is still in use on current aircraft projects as a direct competitor to riveting. Adherand surface
preparation is a critical issue to structural integrity of bonded structures. Inadequate surface roughening,
possible chemical contamination on peel ply, release fabric and release film, and surface water moisture
result in poor adhesion, i.e. a weak bond between the adhesive and adherend, and reduced long-term
durability. The problems with chemical contaminations from peel ply, release fabric and release film that
prevent adhesion of the adhesive to the substrate are now fairly well known. What is far less understood is
the adverse influence of pre-bond water moisture that is unable to avoid during manufacture, repair, and
service. Water inclusion in pre-bond adherands could affect short-term or long-term strengths of adhesive
bonding depending on how fast are the diffusion and accumulation processes. As being presented in the
recent FAA meeting on bonding structures, water moisture is claimed as one of the most adverse factors in
adhesive bonding processes. Current adhesive bonding quality assurance practice relies on tightened surface
preparation process control and mechanical testing on bonded specimens and non-destructive inspection
(NDI) after bonding. Thus, in the absence of a definitive surface quality control method, laborious and
sometimes inadequate measures are used to ensure the quality of adhesive bonding, thereby creating an
undue expense on an otherwise economic manufacturing process.
Motivation/Objectives
The objectives of the proposed research are: 1) identify surface quality assurance methods that are currently
being used by aircraft manufacturers and repair service providers and determine whether the current quality
assurance tests including the wedge test are sufficient to ensure the contaminated peel plies are detected and
not used, 2) to identify and validate definitive analytical chemistry methods to provide sufficient in-field
quality assurance, 3) identify the sources and nature of the surface contamination, 4) develop a handheld
solid-state electrochemical sensor for in-field surface chemistry analysis, and 5) develop a solid-state
electrochemical etching cell for pretreatment of the polymeric and /or composite surface.
Approaches
In the present phase of this research, University of Miami (UM) and Florida International University (FIU)
will benchmark or improve understanding of surface preparation processes, surface assurance and
certification procedures using mainly information collection and analysis approach. The research team will
also use atomic force microscopy (AFM), scanning electron microscopy (SEM), and energy dispersive X-ray
spectroscopy (EDS), and electrochemical measurements to study the surface morphology, surface chemistry,
and activity of surface for peel ply samples. These analytical studies in coupling with the information
analysis should allow establishment of criteria for in-field, online analytical chemistry methods for the
surface preparation assurance. The team will use solid-state electrolyte materials to design and fabricate
solid-state electrochemical cells for the applications of surface chemistry analysis and surface treatment.
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Results
The research team has reviewed a large number of articles and data with emphasis on quality control
procedures for fabricating environmentally durable adhesive bonds to benchmark the understanding of
current adhesive bonding technology. Analyses on conflicting results of surface pretreatments lead to
conclusions as follows:
1. Post-bond mechanical strength tests including the Boeing wedge test are not sufficient for certifying
environmentally durable adhesive bonds.
2. Variations in bond strength and durability with the same pretreatment-bonding method implied that
an effective quality control procedure is needed to control and reduce the variations. Adhesive
bonded joints fabricated under quality control procedure will have predictable in-service
performance.
3. It was found that bond quality was affected by the nature and timing of surface hydrocarbon
contamination during pretreatment peel ply or tear ply procedures, while pre-bond moisture on the
adherends was the most detrimental to bond integrity.
4. The analysis indicates that a contaminate-free adherend surface is a pre-requisition but not a
sufficient condition for forming a strong and durable adhesive bond. A chemically activated
adherend surface can enable covalent bonds between the adherend and adhesive. The covalent bonds
can effectively inhibit the bond displacement due to contaminants and ingress water during service.
The surface preparation certification criteria should evaluate both cleanliness and activity of the
surface.
5. Certification of pre-bond surface preparation quality requires implementation of effective surface
chemistry inspection technologies for each and every steps of the surface preparation procedure to
ensure the strength and durability of the bonded aviation structures.
6. A solid-state electrochemical sensor has been designed and fabricated.
7. A prototype carbon nanotube (CNT) based humidity sensor has been developed.
8. Peel ply surfaces have been examined using atomic force microscopy and the results correlate with
the strength of the adhesive bonds.

Fig. 1. The schematic depicts the possible humidity sensing mechanism by PVA
functionalised Y-junction single wall carbon nanotubes.
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Fig.2 AFM image of the surface of a nylon peel ply surface.

Fig.3. AFM image of the surface of a polyester peel ply surface

Fig.4. AFM image of the surface of a SRB peel ply surface.
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Wednesday, June 21, 2006
Effect of Repair Procedures Applied to Composite Airframe Structures
Principal Investigators: John Tomblin; Sam Bloomfield, Lamia Salah,
Wichita State University

Problem Statement
With the increasing use of composite materials in aircraft structural components, it has become essential to
answer not only the fundamental questions related to the proper repair methods/systems to restore the aircraft
part structural integrity but also the question of how long the repair will last under the specified design
conditions and what are the most critical factors affecting the static performance and the long-term durability
of the repair.
In other terms, it is necessary to assess how long the repair will last under the specified design conditions and
what are the most critical factors affecting the static and fatigue performance of the repair. The lack of
fatigue data to assess the durability of repairs, added to the lack of confidence in bonded repairs especially
when dealing with large damaged areas, has led to the use of fasteners to reinforce the adhesively bonded
areas in some cases. The ultimate goal of a bonded repair is to achieve a good level of confidence in bond
strength as well as the ability to avoid long-time service failures of these joints.
Furthermore, the current NDI methods fail to assess bond quality (i.e., fail to detect a weak bond due to poor
surface preparation, pre-bond moisture, under or over-cure, surface contamination, etc.). As a consequence, a
bad repair is not detected until it actually disbands, leading to a possible catastrophic failure of the repaired
part. It is therefore essential to quantify the fatigue life “knockdown” of these weak joints.
Objectives:
The purpose of this research program is to assess the effects of different variables on the static and fatigue
performance of scarf repairs applied to composite laminate and sandwich structures and the long time
durability of these repairs especially when a faulty process has been implemented and was not detected by
NDI. The main research program has been divided into three tasks.
The first task consists of investigating the effects of different variables on the strength performance of repairs
applied to moderately thick solid laminates and sandwich structures. Variables considered include different
substrate stiffnesses, lap lengths, laminate thicknesses and temperatures. Loading modes considered are
tension and bending. Coupons are being tested for static and fatigue properties to establish baseline
performance. Constant amplitude fatigue testing is being conducted on the coupons and residual strength is
measured after 165,000 fatigue cycles.
The second task consists of evaluating the durability of “poor” bonded repairs that passed NDI (undetected
weak repairs). Factors such as poor surface preparation, pre-bond moisture, contamination, impact and
improper cure (over-cure/under-cure) are being investigated. The goal is to evaluate the fatigue life knockdown when one of the repair steps was not properly implemented or when the structure has been damaged
after repair. This task will assess the weak repair fatigue capability on both sandwich and laminate structures.
The third task consists of a validation of safety standards required for composite repair and inspection
technicians as related to composite repairs. The commercial aircraft composite repair committee (CACRC)
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developed an industry standard for the certification of composite repair technicians. A previous study has
indicated the quality of training and experience of repair technicians may have a much larger role in the
technician’s successful development of a repair as shown in figure 1. This study has indicated the quality and
reliability of a composite repair is much more directly linked to the skills/knowledge of the repair technician
than was previously believed and specified in the CACRC standard. This task will address this issue to verify
if the proposed CACRC standards for composite repair technicians are appropriate.
The main goal of this task will be to generate a report evaluating the technical value of the CACRC standards
for technicians performing aircraft composite material repair and inspection. The report’s task qualification
evaluation will be formatted to be suitable for incorporation into FAA Advisory Circulars and related
regulations.
FEM validation of experimental results is being conducted to predict scarf joint failure.
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Figure 1. Mechanical Test Results of Picture Frame Shear Elements Repaired by
different operators
Methodology
The proposed methodology consists of generating static and fatigue data to understand the effects of different
variables on the performance of the repair and the basic degradation mechanisms that bonded repairs undergo
under sustained long-term mechanical loads. The ultimate goal will be to assess the level of criticality of each
step in the repair, to determine the fatigue life, and/or the difference in the fatigue
Expected Outcomes
Data generated by this program will help identify the most critical steps in repair implementation and the
effects of process deviations on the static and fatigue performance of a repair. This information can be used
to re-evaluate the existing CACRC technician standard leading to a new FAA composite repairman
qualification for 14 CFR Part 65. Finally, by implementing more rigorous processes in repairs and
minimizing repair failures attributed to process deviations will help establish confidence in bonded repairs.
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Thursday, June 22, 2006
Production Control Effect on Composite Material Quality and Stability
Principal Investigator: John Tomblin 1 and Yeow Ng2, Wichita State University

1.0
Introduction
Advanced composites have emerged as the structural materials of choice for many aerospace applications
because of their superior specific strength and stiffness properties. First developed for military applications,
composites now play a significant role in a wide range of current generation military aerospace systems.
There has been a significant increase in the use of composite materials by the large commercial transport
aviation industry during the past 25 years, and many advances have been made in general aviation and
rotorcraft vehicles where composites are utilized for primary structural applications.
Unlike metallic materials used in structural part manufacturing processes, the material properties of
composite structures are manufactured into the structure as part of the fabrication process. Therefore, it is
essential that material and process specifications used to produce composite structures contain sufficient
information to ensure that critical parameters in the fabrication process are identified to control production
and adherence to the engineered part requirements. Due to the wide variety of composite structures now
emerging for certification (particularly for general aviation aircraft), control of the materials is rapidly
becoming a vital issue with respect to the overall assurance of safety.
2.0
Objective of Research / Technical Approach
This program will develop essential information on the nature of the controls required at the producer level to
assure the continuation of stable and reliable composite raw material for aerospace usage. The intent of this
investigation is to determine the level and types of material and process control that would confirm that the
property values established during initial evaluation and characterization are not changed over time. In recent
experience, a required level of control has been prescribed by aerospace suppliers, which is not necessarily
maintained for less critical needs (e.g., sports equipment, infrastructure).
This program will review the delineation in control between aerospace and commercial products. The
investigation will identify the differences and similarities in the control process and determine their effect on
the reliability of the product produced. It is recognized that variation control related to high volume
production is sometimes more restrictive than the controls provided on aerospace products due to economic
factors. This may mean that the controls on “commercial” products meet the needs of the aerospace
community but are not specifically aimed at end product assurance testing. The suitability of these alternate
control strategies and its effects on the ultimate reliability for aerospace applications will be explored.

1

EXECUTIVE DIRECTOR AND PROFESSOR, NATIONAL INSTITUTE OF AVIATION RESEARCH, WICHITA STATE
UNIVERSITY, WICHITA, KS 67260-0093
2
ASSOCIATE DIRECTOR, NATIONAL CENTER FOR ADVANCED MATERIALS PERFORMANCE (NCAMP), WICHITA
STATE UNIVERSITY, WICHITA, KS 67260-0093
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Specific issues to be explored are the following:
• Identify what fiber, resin and interface issues are possible which could lead to loss of material
control in the product produced for aerospace applications. The differences between commercial and
aerospace grade products will be discussed. Guidelines on certification and tolerance limits of key
characteristics for the procurement of raw materials (e.g. procurement of fibers for prepregging
process) will be provided.
• Identify control strategies for process lines and their importance in the final product form reliability
(correlation between constituent materials, fiber-resin-mixing, and final material form). The
differences between the process control for commercial and aerospace grade materials will be
discussed. Key process control parameters that will ensure aerospace quality will be provided. Their
impact on key characteristics will be identified.
• Review acceptance tests and specific selected acceptance values (minimum, average and
maximum). The relationship between these tests to the statistically generated basis values will be
explored. If needed, new statistical acceptance criteria will be developed to assure continuous
compliance to certified/published basis values.
• Identify what risks are associated with production control. Provide the recommendation to industry
on how they could be mitigated.
CONSTITUENT MATERIAL
SUPPLIERS
[Fiber, Sizing, Weaver,
Resin, Hardener, Filler,
Modifiers, Toughening
Agent, etc.]

MATERIAL USERS
[Aircraft Companies,
Component Fabricators,
etc.]

Material & Process Issues
Testing
Process Control
Quality Improvement
How to manage change
(communication, impact on material
properties, etc . . .)
Certification
Specification Limits
Handling & Packaging
etc . . .

INTERMEDIATE
PROCESSORS
[Prepregger]

Reduce duplicate efforts while maintaining sufficient checks and balances

Figure1. Communication among different entities to ensure material quality and stability
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This project will interrogate industry sources to determine which of these issues are understood and which
may need further investigation. These issues will be explored by interfacing with appropriate members of
aerospace supplier organizations and material user organizations to understand the successes and failures
(lessons learned) under the current operating strategy of both aerospace and commercial products. We will
form a team of experts with specific industry backgrounds, including resin, fiber and prepregging process,
whose task will be to identify the above issues. Once the issues have been recognized, the team will
collaborate to design a system of communication which takes into account each other’s roles, requirements,
and needs that will ensure material quality and stability, as shown in Figure 1. This system of communication
may become part of NCAMP’s contemporary approach which continuously monitor and control material
properties, as shown in Figure 2.

OLD APPROACH [Finite Project]
Develop
Material

Material

Quality Control
(pass/fail)

CONTEMPORARY APPROACH [Continuous Project]
Characterize
Material
Develop
Material
Evaluate
Material Changes

Qualify
Material
Property Database,
Specifications
Periodic
Property Testing

Quality Control
(pass/fail)

Continuous Quality
Improvement
Monitor
Material, SPC

Figure 2. NCAMP’s Contemporary Approach to Quality Assurance and Improvements
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Thursday, June 22, 2006
Aging of Composite Aircraft Structures
Principal Investigators: John Tomblin; Sam Bloomfield, Lamia Salah,
Wichita State University

Overview
As more commercial and military airplanes are being used beyond their original design life, it has become
necessary to answer the questions of their continued airworthiness and structural integrity. Most of the aging
aircraft studies conducted thus far have focused on metallic structures; however, with the increasing use of
composites in primary aircraft structures, it is crucial to address these aging concerns for composite
components as well.
Background
The B-737-200 graphite/epoxy stabilizer was developed by The Boeing Company as part of the NASA
Aircraft Energy Efficient (ACEE) program initiated in 1975. The purpose was to challenge aircraft
manufacturers to redesign existing aircraft components using graphite/epoxy composites. Five and a half
Shipsets were manufactured and were certified in August 1982.
The starship program was officially launched in 1982. Objectives were to produce the most advanced
turboprop business airplane feasible at the time and to promote the use of composites in a business aircraft.
The first beechcraft starship was flown on February 15th, 1986. The second joined the test flight program in
June 1986, and the third was ready for flight in the early spring of 1987. In the course of a two-year flight test
program, they flew almost 2,000 hours, and on June 14th, the Starship was certified by the FAA.
Objectives:
The primary objective of this project is to evaluate effects of aging on composite aircraft structures. It
involves the investigation of two aircraft structures, a decommissioned Boeing 737 stabilizer that had a
commercial service history of 18 years and a Beechcraft Starship, after 12 years of service. The proposed
research is sub-divided into small sub-tasks to understand the aging mechanism of the structures which
includes the following:
•
•
•
•
•
•
•

Conduct non-destructive inspection to identify defects induced during manufacture or service
Investigate the structures for cracks, delaminations, damages, repair and bond integrity if applicable
Identify possible changes in mechanical properties and resin chemistry
Identify Material degradation due to heat, humidity, ultraviolet (UV) radiation, oxidation, etc
Evaluate bearing conditions around holes and fasteners
Investigate possible bearing failures or delaminations around the holes
Evaluate effectiveness of repairs

Thurs., June 22 presentation

47

The B737 composite horizontal stabilizer as shown in figures 1 and 2 consists of a co-cured skin and stiffener
piece, 191 inches long and 50.5 inches wide at the root with stringers spaced 3.85 inches apart. Bolted
Titanium spar lugs were used to fasten the stabilizer to the fuselage center section: this concept used two
titanium plates bonded and bolted externally to a pre-cured graphite-epoxy spar. Honeycomb ribs were used
because of the simplicity of the concept in terms of tooling, fabrication and cost. The composite design
yielded average weight savings of approximately 21.6% with respect to the metal configuration or a final
weight of approximately 206 lbs.

Figure (1). B-737 stabilizer configuration. Figure (2). B-737 composite stabilizer after 18 years of
service.

54’4”

The Beechcraft Pressure Cabin is a sandwich construction consisting of only two parts, a right and a left hand
side bonded and riveted at the center section along the top and the bottom centerlines. The main wing is a
sandwich construction as well with no spanwise stringers, three spars and five ribs as shown in figure 3.

46’1”

Figure (3). Beechcraft Starship aft and fwd wing cross sections. Figure (4). Beechcraft Starship Overall
Dimensions (Courtesy of Beechcraft)
Expected Outcomes
Data generated for this program will provide a better understanding of the aging phenomenon on the
composite aircraft structures. This data will be used by the FAA to assess the efficacy of the current/
emerging certification methods; it will also be used to issue policy pertaining to usage of composites with
respect to aging factors.
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Thursday, June 22, 2006
Crashworthiness of Composites
Principal Investigator: Suresh (Raju) Keshavanarayana, Wichita State University

The crashworthiness of an airframe structure is measured in terms of its ability to maintain a survivable
volume for the occupants and alleviate the loads transmitted to the occupants during potentially survivable
accident scenarios per FAR §25.561 and §25.562. The occupant loads are minimized by dissipating the
kinetic energy using an energy absorption device, while the structural integrity is maintained by accounting
for the dynamic loads during the sizing of structural elements. The performance of an airframe under crash
loads is dictated primarily by its geometry, structural arrangements, materials and energy absorption devices
used to dissipate the energy, and the interaction of these variables. The energy dissipation in metallic
airframes is primarily due to plastic deformation while in composite airframes is due to synergistic sequence
of failure mechanisms. The limited number of dynamic and drop tests performed on fully composite fuselage
structures have indicated differences in the crush patterns/failure modes, stiffness and other structural
properties, compared with the traditional metallic fuselage structures. The test results are useful in the
appraisal of the structural performance under crash loading, but do not reveal the various mechanisms that do
and do not contribute to the overall performance of the structure. Further, the performances of individual
components may be influenced by the overall structural assembly. To investigate the effectiveness of various
components, numerical modeling would be more appropriate and less expensive. However, the predictions of
the numerical models are dependent on the geometric definition of the structure, the material models, failure
criteria, etc. The description of material behavior under dynamic loading is a key aspect of the numerical
modeling of the crash scenarios.
In the present investigation a building block approach illustrated in figure (1) has been embraced to study the
rate effects on the behavior of composite airframe structures. To begin with, the rate effects (i.e., strain rate
effects), will be characterized at the fundamental ply level, since for most numerical analysis, the material
properties are specified at this level. The material testing at this level includes the characterization along the
primary ply directions and off-axis specimen testing. The off-axis specimen tests are intended to simulate a
combined stress state in the plies and not to characterize material property. This combined stress state will be
used for benchmarking material models in the future. The next level of testing will include cases where strain
and strain rate gradients exist, e.g., open-hole tension, which will serve as benchmark data for the material
failure models. Moving up the building blocks, small components and assembly of components will be
characterized under dynamic loading, culminating in characterization of scaled aircraft structures, which
would be the most expensive. The understanding of rate effects at the ply level will help identify the
contributions of geometric effects and material rate sensitivity to the observed rate effects in structural
components and their assemblies subjected to dynamic loading.
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Figure 1: Building block approach for characterizing rate effects on composite airframe structures.

In the first phase of this investigation, the effects of strain rate on the in-plane tension, compression and shear
properties of selected composite material systems were characterized experimentally. A limited number of
off-axis and open-hole tension tests were conducted to investigate the rate effects under combined stress
states and in the presence of strain and strain rate gradients. A considerable effort was focused on researching
the appropriate method for high rate tests and the design, fabrication and assembly of apparatus for the
current program.
In the ongoing phase of the program, the interlaminar shear properties of the composite material systems,
dynamic loading of sandwich and laminated beams, pin bearing strength and scaled cylindrical fuselage
structures are being investigated.
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Thursday, June 22, 2006
Evaluation of Friction Stir Weld Process and Properties for Aerospace
Application
Principal Investigator: Christian Widener, Wichita State University

1. Problem Statement
Friction stir welding is a novel joining technique patented in 1991 by The Welding Institute, Ltd. in England.
Since that time it has been used in a number of applications to reduce costs and improve performance over
other competing joining technologies; however, its introduction into commercial aviation has been difficult due
to the lack of standard properties data. As a result, basic performance and design parameters for aerospace
structures incorporating FSW joints have typically been developed on a case by case basis and are not yet
available for general applications. Performance and properties data are needed to advance FSW from coupon
level research to direct application.
Therefore, the National Institute for Aviation Research (NIAR) initiated investigations into both material
properties data at the coupon level and also to compare the integrity of typical airframe structure joined using
FSW with that of riveted structure. Ultimately, the aim of these investigations is to aid in the development of
performance specification data. The types of properties data needed include strength, fatigue life, fracture
toughness, and fatigue crack propagation, as well a characterization of the materials resistance to corrosion and
environmentally assisted cracking.
2. Project Background
This project began in 2003 as a literature review of friction stir welding. Since that time, NIAR has added a
state-of-the-art research friction stir welding machine and a full-time research staff and a number of graduate
and undergraduate research assistants. This project has also facilitated the graduation of students researchers
with Ph.D., master, and bachelor degrees.
Research was initially begun with 2024 and 7075 aluminum alloys with advice from the industrial advisory
board. Early in the research it was confirmed that a consensus was lacking in the literature regarding the proper
initial temper selection (prior to welding) as well as the proper post-weld artificial aging treatment (PWAA)
that should follow after welding. This is especially important for 7000 series alloys like 7075, because they are
unstable and susceptible to corrosion in the as-welded condition. By the end of FY05, several PWAA
procedures were developed and demonstrated at NIAR for both 7075 and 2024 alloys.
Concurrent with the heat treatment investigation, an investigation was begun to compare the tensile,
compressive, and shear properties of friction stir welded 2-foot by 2-foot panels with riveted panels, which
were representative of a transport fuselage design. Finite element models were also developed to initiate an
evaluation of the ability of modeling to predict the load carrying capability of FSW structures. In FY05 panels
were fabricated and the initial phase of the finite element modeling and mechanical testing of the tension test
panels was completed. The friction stir weld panels compared favorably to the riveted structure, with a modest
increase in overall tensile strength of the panel, which was in agreement with modeling predictions.

Thurs., June 22 presentation

51

3.

Approach

3.1. Material Testing
The material test plan work includes the completion of the post weld artificial aging (PWAA) treatment
investigation for 0.125-in 2024-T3 and 7075-T73 material, which began in FY 2005. The work was also
expanded to include a comparison of welding 2024-T3 vs. 2024-T81 and 7075-T73 vs. 7075-T6, as well as the
potential for PWAA of dissimilar welds of 2024-T3 / 7075-T6 and 2024-T81 / 7075-T73. The goal of the heat
treatments was to improve exfoliation and stress corrosion cracking resistance without significantly affecting
other mechanical properties such as strength and damage tolerance. Appropriate PWAA treatments were
identified. Testing included tension, fatigue crack propagation, electrical conductivity, and microhardness.
Exfoliation corrosion results are shown in Figure 1. 7075 material welded in the –T73 condition had better
corrosion resistance and higher strength following PWAA than did material originally in the –T6 condition.
Similarly, it was found that higher strengths and better corrosion resistance could be achieved by welding 2024
in the –T81 condition rather than the T3 condition followed by PWAA to –T81. It was also determined that the
potential exists for improved corrosion resistance in dissimilar alloy joints if the proper initial temper and
PWAA treatments are selected.
2024-T3
Naturally Aged

2024-T3
PWAA to –T81

2024-T81
Naturally Aged

7075-T73
Naturally Aged

7075-T73
4 hrs @ 325F

7075-T6
Naturally Aged

7075-T6 +
PWAA to –T73
26 hrs @ 325F
2024-T81 / 7075-T73
4 hrs @ 325F

2024-T81 / 7075-T73
Naturally Aged

Figure 1: Cross-sectional views of exfoliation corrosion test samples (ASTM G-34)
3.2. Structures Testing
The structural test plan included the completion of the tension, compression, and shear testing of 2-ft x 2-ft
stiffened panels, which were fabricated during FY 2005. The results were compared to finite element models to
evaluate their ability to predict the load carrying capability of unitized FSW structures. Results were also
compared directly to identical riveted panels to evaluate the static strength performance of the FSW panels.
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Overall, friction stir welded panels outperformed riveted panels. FSW panels performed similarly in
compression, as predicted by finite element modeling, but carried more load in tension than in riveted panels,
again following finite element predictions. The most noticeable difference between FSW and riveted panels
was observed during shear testing, reference Fig. 2. The FSW shear panels carried more load and failed less
abruptly and with much less destruction than did the riveted panels, indicating an increase in the ability of the
FSW panels to sustain damage.
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Figure 2: Riveted (A) vs. Friction Stir Welded (B) Shear Test – Load versus Displacement Results

Thurs., June 22 presentation

53

