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The Midwest Structural Sciences Center is a collaborative effort between the Structural Sciences Cen-
ter, Air Vehicles Directorate of the Air Force Research Laboratory (AFRL/RBSM), and a team of faculty,
graduate students, and professional staff researchers of the University of Illinois at Urbana-Champaign
(UI), Wright State University (WSU), and the University of Texas at San Antonio (UTSA). The team
works closely to simulate, model, test, and assess structures and materials for use in future air- and space-
frames in a risk-quantified design process.

The University of Illinois Midwest Structural Sciences Center (MSSC) was established in February
2006 to expand rapidly the technical manpower available to the Structural Sciences Center at AFRL. The
MSSC has the long-term objective of developing the knowledge base required for validated, risk-based
tools for the design and simulation of spatially-tailored aero-thermo structures (STATS). In close collabo-

ration with the scientific and engineering staff of .
AFRL/RBSM, faculty, staff and students from the uni- | MSSC Technical Program Features

versities will complete medium-term research projects Risk analysis and quantification
(five- to ten-year horizons) in four key areas: Multiscale materials modeling _
Generalized FEM for acoustic modeling
e Coupled thermo-mechanical-acoustic analysis and Sensitivity analysis
simulation of spatially-tailored aero-thermo struc- Experimental validation
tures

o o | MSSC Research Program Partners
e |dentification and definition of structural limit Air Force Research Laboratory Air Vehicles

states for spatially-tailored aero-thermo structures Directorate, Structural Sciences Center

University of Illinois at Urbana-Champaign
Aerospace Engineering
Civil and Environmental Engineering
Computational Science and Engineering

e Experimentation, verification, and validation Mechanical Science and Engineering

Wright State University

The team employs analytical, computational, expe- | University of Texas at San Antonio

e Computational frameworks and methodologies for
risk-quantified structural assessment of spatially-
tailored aero-thermo structures

rimental, personnel and financial resources from sever-
al university departments and AFRL organizations, and seeks additional resources as needed from other
federal and non-federal sources. Outstanding facilities are available at all sites and are being applied to
MSSC projects and programs. Graduate research assistants work with faculty at the universities and their
AFRL/RBSM colleagues to evaluate and extend the understanding of materials and structures in aero-
space structural components that experience extreme combined environments.



1 Introduction

1.1  Air Force Structural Sciences Mission

Future missions of the Air Force, such as prompt global strike and operationally responsive space
access, will be performed with air/space vehicles now in conceptual design. However it is clear that the
structural concepts needed to make such next-generation vehicles sufficiently durable and lightweight will
involve novel structural arrangements and material systems. During typical operating conditions, aircraft
are subjected to random loads due to engine noise and other acoustic vibrations. The random acoustic
pressure load, combined with other extreme conditions like elevated temperatures, turbulence, etc., may
lead to the failure of the aircraft structure.

The potential for reducing weight from using integrated functional structures is great, though designs
that enhance damage tolerance are key to their success. Because of the intensity and complexity of com-
bined loads on future vehicles, unprecedented integration of structural configuration and overall material
behavior — at the design stage — is required to meet damage tolerance demands. Cost and flight envi-
ronment requirements preclude the traditional design-build-test-redesign approach; hence this integration
must be done largely through simulation and digital prototyping. The focus of our research program is
precisely this integration by provision of next-generation, validated, computational simulation capabilities
for damage evolution and mitigation in structures composed of novel materials under combined loading,
especially thermal-mechanical-acoustical (TMA) loads.

The Air Force capabilities desired in the future require the structural integrity of aircraft during their
high-performance operations in extreme environments. This unprecedented goal demands new techniques
of analysis, design and manufacture, and specially-
engineered materials/structures including functionally
graded materials (FGM). The intrinsic and epistemic
uncertainties in such extreme loads and the structural
behaviors of new materials are significant and propa-
gated into the performance of the air vehicle systems.
This causes unquantified risks of structural failures
during the operations. We are developing a probabilis-
tic framework to identify/synthesize the uncertainties in
the components so that risk-quantified designs of air-
craft systems can be achieved. It will also enable design modifications and improvements that minimize
the risks within the available budget and constraints.

Modeling/simulation — Used in reliability
analysis, design, and for designing effec-
tive experiments

Experiments — Data used for parameter
identification studies to improve modeling
effort and validation of simulations

Risk/reliability — Algorithms used for re-
liability analysis, parameter identification
and design

1.2 Midwest Structural Sciences Center

The Midwest Structural Sciences Center is a collaborative effort among the Structural Sciences Cen-
ter, Air Vehicles Directorate of the Air Force Research Laboratory (AFRL/RBSM), and a team of faculty,
graduate students, and professional staff researchers of the University of Illinois at Urbana-Champaign
(UI), Wright State University (WSU), and the University of Texas at San Antonio (UTSA). The team
works closely to simulate, model, test, and assess structures and materials for use in future air- and space-
frames. The MSSC team is viewed as a “living organization” whose members may change over time to
meet the needs of the collaborative partnership.

The team employs analytical, computational, experimental, personnel and financial resources from all
four organizations, and will seek additional resources as needed from other federal and non-federal
sources. Outstanding facilities are available at all sites and will be applied to MSSC projects and pro-
grams. Graduate research assistants work with faculty at the universities and their colleagues at



AFRL/RBSM to evaluate and extend our understanding of materials and structures in aerospace structural
components that experience extreme combined environments.

Collaboration among the partners is frequent (near-daily) and intense (co-advised research projects
and graduate theses, teamed simulation and experiments, co-authored journal articles and project proposal
submissions, etc.). Computational resources,

MSSC Team Members

graduate assistantships, experimental facili-
ties and AFRL/RB visitor office spaces have
been earmarked to directly support the
MSSC, as have graduate student tuition waiv-
ers.

High-performance hypersonic aircraft are
expected to have stringent structural require-
ments, especially in regard to STATS compo-
nents. Many of these structural components
may include specialty high-performance met-
al alloys or functionally-graded materials
(FGM), each specifically designed and manu-
factured to address the combined thermo-

University of lllinois

Bodony — Acoustic response prediction

Brandyberry — Uncertainty quantification and risk
analysis

Duarte — GFEA, structural analysis, multiscale
analysis

Geubelle — Multiscale analysis, FEA

Lambros — Experiments, high strain rates, FGM

Paulino — FGM, Multiscale analysis, structural
analysis

Sehitoglu — Thermomechanical response, experi-
ments

Song — Risk, reliability, stochastic events, FEA

Tortorelli — Sensitivity, optimization
Wright State University

Penmetsa — Risk, failure probability assessment
University of Texas at San Antonio

Millwater — System reliability

mechanical-acoustic loadings unique to
hypersonic applications. MSSC research is
developing models that account for the dam-
age progression in both the ductile and brittle
phases of FGMs. Especially important is the
development of efficient methods for quanti-
fying the uncertain responses and the risks of
STATS. Among other techniques, methods to
identify important input uncertainties through
sensitivity analyses that allow us to focus on the dominant uncertainties that threaten successful risk-
quantified structural design (RQSD) are envisioned. Our work focuses on carefully selected, small-scale
aircraft substructures that can be fully characterized experimentally. These structures are employed in
assessing new methodologies for predictive science tying together RQSD, high-fidelity simulations, and
novel experimental techniques.

AFRL/RBSM
Acoustic experiments, aeroframe design, operating
environments, large-scale structural testing

Existing constitutive materials models are generally phenomenological, i.e., they are based on some
empirical formulae (e.g., power law) to be fitted to laboratory tests. The phenomenological models rarely
work well for advanced materials subjected to extreme conditions since they rarely account for the signif-
icant microstructure changes under the extreme environment. Thus novel, physically based constitutive
models are being developed under the MSSC umbrella.

Successfully modeling fatigue in aerospace structures requires detailed knowledge of the various
structural and material failure modes across the wide variety of fatigue loadings possible. In parallel to
our simulation and RQSD tasks, Center researchers conduct series of experiments to determine the rela-
tive importance of low cycle, high cycle, and fatigue crack growth in materials subjected to thermome-
chanical and acoustic fatigue. Experiments are being performed to understand the interaction between the
high stresses associated with thermal loading, superimposed with ultrahigh frequency-induced stresses
from an acoustic-type loading. In each project, university investigators from Ul, WSU, or UTSA are
teamed with RBSM personnel to encourage tight relationships between university and government re-
searchers.



2

Technical Project Progress

A — Coupled Thermo-Mechanical-Acoustic Analysis and Simulation of STATS

Al

A2

A3

A4

A5

A6

Design of STATS using Topology Optimization (Glaucio Paulino, Fernando Stump, Larry Byrd)
— Completed

Generalized FEM Analysis for Transient Simulations (C. Armando Duarte, Patrick O’Hara,
Thomas Eason)

Integrated Fluid/Structure Interaction Simulation (Daniel Bodony, Philippe Geubelle, Mahesh
Sucheendran, Adam Kuester, Halvorson, Joseph Hollkamp, Robert Gordon)

Analytical Prediction of Dynamic Response of FGM (Anthony Palazotto, Reid Larson) — Com-
pleted

Multiphysics, Coupled Analysis of Extreme-Environment Structures (Daniel Bodony, Philippe
Geubelle, Christopher Ostoich, S. Michael Spottswood)

Non-Intrusive Implementation of Multiscale Capabilities in a General Purpose FEA Platform
(Thomas Eason, C. Armando Duarte, Jeronymo Pereira)

B — Identification and Definition of Structural Limit States for STATS

B1(x)
B2(x)
Bl

B2

Failure Analysis of FG Aircraft Components in Combined Environments (Yonggang Huang,
Jianliang Xiao, Eric Tuegel) — Redefined in 2007

Imperfections and Defect Tolerance of Aircraft Shells and Structures (Daniel Tortorelli, Martin
Ostoja-Starzewski, Ravi Bellur-Ramiswamy, Thomas Eason) — Redefined in 2007

Mechanism-Based Cohesive Failure Model for Functionally Graded Aircraft Components and
Structures (Eric Tuegel, Glaucio Paulino, Arun Gain)

Imperfections and Defect Tolerance of Aircraft Shells and Structures (Daniel Tortorelli, Seth
Watts, Thomas Eason)

C — Framework and Methodologies for Risk-quantified Structural Assessment of

C1
C2

C3
C4

C5

STATS

Uncertainty/Risk Quantification Methods for STATS (Junho Song, Young Joo Lee, Eric Tuegel)

Validation of Simulations Having Uncertainties in Both Simulation and Experiments (Mark
Brandyberry, Jason Gruenwald, Mark Haney)

Risk-Based Design Plots for Aircraft Damage Tolerant Design (Ravi Penmetsa) — Completed

System Reliability with Correlated Failure Modes (Harry Millwater, Luciano Smith, Daniel
Sparkman, David Wieland, Eric Tuegel)

Identifying Structurally Significant Items using Matrix Reanalysis Techniques (Ravi Penmetsa,
Bhushan Kable, Vankat Shanmugam, Eric Tuegel)

D — Experimentation, Verification, and Validation

D1

D2

D3

Experimental Investigation of Thermomechanical Fatigue Failure Modes (Huseyin Sehitoglu,
Chrisos Efstathiou, S. Michael Spottswood)

Development of Experimental Techniques for Validating a Coupled Thermomechanical Fatigue
Simulation Framework (Jay Carroll, John Lambros, S. Michael Spottswood)

Thermomechanical Fatigue of Hastelloy X: Role of Combined Loading on Material Response
(Wael Abuzaid, Huseyin Sehitoglu, S. Michael Spottswood)

Italic — Concluded projects



A — Coupled Thermo-Mechanical-Acoustic Analysis and Simulation of STATS

Four projects are being pursued to address the coupled thermomechanical-acoustic analysis and simu-
lation of STATS. The first project in this thematic area is “Generalized FEM Analysis for Transient Si-
mulations” (A2), led by Armando Duarte (Ul) and Thomas Eason (AFRL/RBSM). A computational
framework to simulate the behavior of heterogeneous shell structures operating under a broad range of
service conditions is being developed. The intent of the project is to reduce the overall computational time
requirements, while simultaneously increasing the local solution resolution.

Philippe Geubelle and Daniel Bodony (Ul) and Mike Spottswood and Joe Hollkamp (AFRL/RBSM)
have teamed with others in two closely related projects. The first project (A3), “Integrated Structur-
al/Acoustic Interaction Simulation of STATS,” is based on work done in the complementary UI/DOE
Center for Simulation of Advanced Rockets (CSAR). The team is developing 2-D and 3-D coupled struc-
tural-acoustic codes aimed at capturing the complex interaction of acoustic waves impinging STATS and
those associated with the dynamic response of the structure. The project is two-pronged: development of a
parallel, coupled structural acoustic solver, and characterizing the thermo-acoustic test environment in the
AFRL Sub-Element Facility (SEF). The second project (A5), “Multiphysics, Coupled Analysis of Ex-
treme-Environment Structures,” focuses on using the new code suite to assess the loads on a hypersonic
vehicle panel.

Two projects have been completed in the A Group. The first (Al), entitled “Design of STATS using
Topology Optimization,” was led by Glaucio Paulino (Ul) and Larry Byrd (AFRL/RBSM). The next gen-
eration of high-performance hypersonic aircraft in the Air Force is expected to demand stringent structur-
al requirements, especially in regard to STATS components. Continuum (as opposed to traditional) topol-
ogy optimization was used as a rational means to obtain innovative structural designs, which will improve
performance and lower costs. This project sought to develop a multiscale, 2- and 3-D continuum topology
optimization that accounts for material gradient effects. By multiscale we mean that the framework opti-
mizes both the material and component scales. AFIT Professor Anthony Palazotto completed Project A4,
“Analytical Prediction of Dynamic Response of FGM.” Thermal deformation of cylindrical composite
shells was investigated in A4, in which a thermal distribution represents a varying heat environment over
an aircraft surface. This project compared FGM to conventional metals for aircraft applications.

A2 Generalized FEM Analysis for Tran-
sient Simulations (Duarte, O’Hara,
Eason)

h =100 mm
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Figure Dua-1. Shows internal energy versus time
curves for simulations using special enrichments, as
well as for exact curve. Also shows mesh density used
for special elements (top) compared to that used with
polynomial elements (bottom).




The ability to resolve transient, lo-
calized behavior on a fixed, coarse
mesh is of great interest for the analy-
sis of hypersonic flight vehicles. The
generalized finite element method
(GFEM) is a good candidate metho-
dology in that it has the ability to insert
local information into the coarse mesh
via the specially-tailored GFEM shape
functions. A 1-D example in which a
sharp front moves across a domain is
illustrated, along with the accompany-
ing meshes used for the analysis. In
this instance, an analytical enrichment
known to represent the solution is used merely for proof-of-concept. As can be seen, great accuracy can
be obtained on a very coarse mesh. In this case, another concern of transient analysis is addressed, in the
form of prohibitively small time-steps required for both spatial accuracy, and temporal stability when ex-
plicit time integration is used. With the coarse mesh, larger
time-steps are permitted, without the loss of accuracy that
would occur with standard FEA.

Figure Dua-2. Beam subjected to laser heating. lllustrates two-way
information transfer of proposed methodology.

In 2009 we have moved well beyond the 1-D proof-of-
concept in the 1-D case. The main focus of the research effort
is on 3-D analyses. The use of analytical enrichments is overly
specific, so we propose to build enrichment functions on the
fly, through the solution of BVPs. With this—the GFEM with
global-local enrichments (GFEM®)—in a very general manner
we can build specially-tailored enrichment functions for prob-
lems that we have no prior knowledge of the solution. In our
methodology, we rely on a fixed, coarse mesh at the scale for | Figure Dua-3. Internal energy versus
which we would like to analyze the behavior. From this coarse | time curves for GFEM® as well as a
mesh we select the regions of localized interest, and extract | reference curve generated with hp-
them from the global mesh. On these local domains, we per- | GFEM.
form our hp-adaptivity, and using boundary conditions from
the global domain we solve the resulting BVP. The solution is inserted into the global mesh via the parti-
tion-of-unity. We have then constructed shape functions that are specially constructed with the local be-
havior in mind. As a result, we can move these enrichments around where they are needed, and we have
no need to alter the global mesh throughout the entire transient simulation, At the same time we provide
shape functions capable of capturing the local behavior on the structural scale.

Our proposed methodology has been applied to a beam subjected to laser heating, as shown in Figure
Dua-2. The global elements shown are each one inch in width, and the radius of the laser is 0.01 inches.
Results generated using the proposed methodology are shown in Figure Dua-3, as well as a reference
curve generated using hp-GFEM. From the plots it can be seen that the GFEM® produces results on a
coarse mesh that are similar to those generated using a highly graded mesh, with a significantly smaller
element size.



A3 Integrated Fluid/Structure Interaction Simulation (Bodony, Geubelle, Sucheendran,
Kuester, Halvorson, Hollkamp, Gordon)

During the past year the focus was on two activities: (i) development of a parallel, coupled structural-

acoustic solver; and (ii) acoustic characterization of AFRL Sub-Element Facility (SEF) using a quasi-one-
dimensional approach.

Flexible plate

Figure Bod-1. Fully-coupled simulation of the SEF
for a single frequency planar acoustic wave input.

In order to develop a coupled acoustic-structural solver, the compressible, non-linear fluid solver,
RocfloCM, was integrated into the Rocstar suite of numerical codes. The structural solver, Rocfrac, which
was already integrated into Rocstar, has been optimized over the past year and has been verified using a
3-D dynamical cantilever problem. During this period mass-proportional damping was implemented in

Rocfrac to simulate problems with structural damping. Communication between RocfloCM and Rocfrac is
facilitated by the tools in Rocstar.

el
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Figure Bod-2. Analytical verification problem
schematic.
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Figure Bod-3. Comparison of present
results with those of Huang (2006).

Using RocfloCM for solving the governing equations in the acoustic domain and using Rocfrac for the
solution in the structural domain, a coupled structural-acoustic interaction simulation of the SEF was car-
ried out. Figure Bod-1 shows the contour plot of the normal component of momentum in the fluid domain



and vertical displacement of an aluminum plate. Due to the disparate computational requirements in the
fluid and solid domain, the capability of having separate processors for the fluid and solid domain was
introduced. Since the computational requirements for solution in the fluid domain was much larger com-
pared to the solid domain, the simulation used 64 processors in the fluid domain and 2 processors in the
structural domain.

To verify the code, an analytical solution for a closely-related structural-acoustic interaction in an in-
finite uniform duct with a cavity-backed flexible rectangular plate was developed. Figure Bod-2 shows
the geometry and other details of the problem. Figure Bod-3 shows the comparison of the plate velocity
root-mean-square, Vyys, computed from the analytical solution and compared with existing results. A nu-
merical prediction of the same problem using the coupled fluid/structure solver is currently underway.

The acoustic characteristics of the facility were investigated to provide boundary condition informa-
tion of the numerical predictions of the SEF. By approximating the facility as a quasi-one-dimensional
duct, a Matlab code was writ-
ten that solves the 1-D linea- g
rized Euler equations in the ol Mg
fluid domain inside the SEF :
with the area variation of the | £ | S 14,
duct taken into account. Im- | <. _ 1< o
pedance boundary conditions 3 k | = ]
and modeling the losses in the " o | - 3
facility were implemented to Tt A & A e "
replicate the experimental re- | Figure Bod-4. Estimation of the acoustic properties of the SEF for (left)
sults. Figure Bod-4 shows the | hard-walled termination and (right) acoustic wedge termination.
comparison of experimental
data from the SEF with the Matlab code. Another quasi-one dimensional code was written to estimate the
transfer function of the SEF in the spectral domain. The code takes into account the area-variation of SEF
in discrete steps.

No Wedges | Wedges |

Future directions include verifying the coupled solver by comparing the numerical and analytical so-
lutions of the aforementioned duct/cavity problem. The verified code will then be used to estimate the
acoustic-structure coupling coefficients used in the reduced-order models developed by Hollkamp and
Gordon and to investigate the effect of the flow velocity on the structural/acoustic damping response.

A5 Multiphysics, Coupled Analysis of Extreme-Environment Structures (Bodony, Geubelle,
Ostoich, Spottswood)

The first year of project A5 was dedicated to (i) identifying the environmental loads on a mid fuselage
panel of a hypersonic vehicle; (ii) modifying an existing
finite element (FE) structural dynamics solver to solve li-
near, transient thermal problems in a structure; and (iii) _
coupling the thermal FE solver to the high fidelity, non- oF /
linear, finite difference Navier-Stokes solver, RocfloCM, Rl Souton- 1 orartea
used in project A3. The tools developed will be necessary = = = Analyiial Soluhon /
to accurately model the thermal loads experienced in the
hypersonic environment. Currently, the tools are being va-
lidated against data from an experimental aerothermal ex-
amination of hypersonic flow over bowed thermal protec-

tion panels. /
ey s
Characteristic of the hypersonic environment are the o p P &

1 1 1 | 1 1

high temperatures that exist in the flow field, which negate " Acoustlc Time (3°108.077)
physical assumptions about the behavior of the gas that are

Interface Temperature (K)
-~

Figure Ost-1: Verification of fluid-
structural-thermal coupling.




valid in lower Mach number regimes. In order to
capture the fluid properties at these temperatures,
a thermally perfect gas model (specific heats are
functions of temperature) was implemented in
RocfloCM to replace the previously implemented
calorically perfect gas assumption. In addition, a
preexisting, transient FE structural dynamics solv-
er was modified to create a transient FE thermal
structure solver, Roctherm. Roctherm was written
to lend itself to further modifi-
cation to a non-linear solver
should it be necessary in the
future. Roctherm's accuracy
was verified by comparison
with an analytical solution of
heat conduction in a 1-D steel
bar.

Figure Ost-3: 2-D simulation of hypersonic flow over
bowed TPS panels.

Roctherm was coupled to
RocfloCM by utilizing preex-
isting software developed at
the University of Illinois at for Figure Ost-2: (left) Solid model of quilted TPS domes for use in coupled
the purpose of facilitating | fluid-thermal structure simulation. Geometry is cut in half to exploit sym-
communication between sev- | Metry of the situation; (right) 4,790,760 grid-point mesh of fluid domain in
eral solvers to allow for multi- coupled fluid-thermal structure simulation.

physics simulations. The coupling was accomplished by passing interface heat flux information from the
fluid domain to the structural thermal domain, while passing interface temperature information from the
thermal structure domain to the fluid domain. This configuration has been shown to encourage numerical
stability at the fluid-solid interface [Giles M. B., 1997. Stability analysis of numerical interface conditions
in fluid-structure thermal analysis. International Journal for Numerical Methods in Fluids, 25:431-436].
The coupling of the two codes was verified in Figure Ost-1 by comparison with the analytical solution of
conduction through a two-layer laminate.

The current fluid-thermal structure coupled simulation is aimed at reproducing results of a wind tun-
nel experiment of hypersonic flow over bowed TPS panels [Hunt L. R. and Glass, C. E., 1988. Aerother-
mal tests of quilted dome models on a flat plate at a mach number of 6.5. NASA technical paper 2804,
NASA]. These panels were tested in the late 1980s as a candidate for an exo-atmospheric vehicle. A solid
model of the quilted TPS panels was created to reproduce the experimental setup as was described the
report (Figure Ost-2, left). This solid model served as both a surface over which to generate the mesh in
the fluid domain (Figure Ost-2, right), and a volume in which a solid, FE mesh will be created. Due to the
high computational cost of running the high-fidelity RocfloCM solver, the initial and boundary conditions
of the simulation were estimated by running a numerical simulation over a similar 2-D geometry using a
low order commercial code (Figure Ost-3). The coupled simulation will produce surface temperature and
wall heat flux data to be compared to the experimental results of Hunt & Glass.

B — Identification and Definition of Structural Limit States for STATS

Professor Glaucio Paulino (Ul) and Eric Tuegel (AFRL/RBSM) have joined to develop a scalable co-
hesive failure model for functionally graded materials and structures based on the experimentally identi-
fied mechanisms (B1). “Mechanism-based Cohesive Failure Model for Functionally Graded Aircraft
Components and Structures” is developing a model that can be used to predict the crack nucleation, initia-
tion and progressive growth in various material systems. These investigators will collaborate directly with



experimentalists to link the microstructures to the macroscopic failure mechanisms, and determine the
actual cohesive failure model parameters.

The second project in this theme area (B2), “Imperfections and Defect Tolerance of Aircraft Shells
and Structures,” will establish a methodology that identifies the optimum spatial constituent distribution
to achieve the desired performance for STATS. Daniel Tortorelli (Ul), Thomas Eason (AFRL/RBSM)
and their colleagues will develop a methodology to optimize functionally graded materials with applica-
tions in STATS. The approach is to quantitatively characterize the microstructure of FGMs, with the goal
of developing a statistical mapping of the microstructure’s phase morphology to the composite material’s
thermomechanical properties and damage resistance. In conjunction with other ongoing projects, this will
enable the ability to optimize FGMs relative to certain parameters (e.g. weight) while maintaining accept-
able levels on the structural response (e.g. stiffness).

Bl Mechanism-Based Cohesive Failure Model for Functionally Graded Aircraft Components
and Structures (Tuegel, Paulino, Gain)
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Figure Pau-1: Forward and inverse problem.

Damage and failure of spatially tailored aero-thermal structures under extreme loading conditions is a
challenging problem of national interest and technological relevance. Such structures can be properly as-
sessed with a nonlinear model of cohesive fracture, which is able to predict crack nucleation and failure
sites.

Both direct and inverse fracture problems are investigated in this work as illustrated by Figure Pau-1.
In the direct problem, the input fracture properties are known, and the output is displacements. In the in-
verse problem, a hybrid technique blending computations and experiments is used to extract the cohesive
properties. For instance, by means of the experimental displacement field (input) obtained from digital
image correlation (DIC), an optimization algorithm is used to compute the cohesive constitutive parame-
ters (output).

With respect to the direct problem, we have conducted a detailed investigation of the shape of the
CZMs on fracture simulations. The shape of CZM along with fracture energy and cohesive strength plays
a critical role in the simulations. Numerical simulations were carried with a single edge notch beam using
an ABAQUS user-element subroutine in conjunction with bilinear and trapezoidal CZMs. Investigation of
the influence of fracture energy and cohesive strength was also conducted.
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With respect to inverse problems, the hybrid technique is employed. A finite element code was devel-
oped to solve the forward problem. The elasto-plastic nature of the bulk elements is considered by means
of J2 plasticity, though other models can be considered. Results in the form of global response of the sys-
tem were verified using ABAQUS. The inverse analysis framework is developed to extract the underlying
CZM constitutive parameters. The Nelder-Mead optimization is employed in which the location of a
number of points (control points) is optimized, and later the CZM is obtained by interpolation of these
control points. Inverse analysis requires the displacement fields of the specimen, which are obtained ei-
ther from the forward problem (synthetic data) or from DIC. Presently, the code has been verified only for
synthetic data obtained from various loading points in the forward problem. Typically, an inverse analysis
code requires an initial guess from the user. Various ini-
tial guesses were used to test the code, as illustrated in

= === Initial guecss
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Figures Pau-2 and Pau-3. In order to resemble actual ex- P N i e
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An alternate computational technique to model for-
ward and inverse problem was developed using the Park-
Paulino-Roesler (PPR) potential for the cohesive model.
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using experimental displacement fields from DIC images.
This work is being done in collaboration with project D2
(Spottswood, Lambros, Carroll). Another recent colla-
borative work involves the development of a probabilistic
cohesive zone model. This ongoing work is being done in
collaboration with Prof. Ravi Penmetsa and his research
group at Wright State University (C5).
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synthetic data with different levels of noise.

This project will develop a methodology to optimize
functionally graded materials (FGMs) with applications in Spatially Tailored Aero-thermal Structures
(STATS). The approach is to quantitatively characterize the microstructure of FGMs, with the goal of de-
veloping a statistical mapping of the microstructure’s phase morphology to the composite material’s
thermomechanical properties and damage resistance. In conjunction with other ongoing projects, this will
enable the ability to optimize FGMs relative to certain parameters (e.g. weight) while maintaining accept-
able levels on the structural response (e.g. stiffness).

The development work for this project has been divided into several necessary tasks. The first is to
generate a library of images of FGM candidate materials. As reported in the 2007-08 MSSC Annual Re-
port, a methodology has been developed for obtaining micrographs of the Ti-ZnO, material system, and a
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collection of images has been created. Future work will include translating these methods to the imaging
of Ti-TiB material systems, and developing the ability to generate accurate 3-D images of a microstruc-
ture through serial sectioning or microtomography.

The second task is to develop numerical descriptions of the morphology of spatial patterns (e.g. the
material microstructure). Applying such descriptors to the micrographs generated as discussed above al-
lows us to quantitatively describe the microstructure. Such descriptions will subsequently be used to in-
stantiate numerical microstructure models with morphological characteristics similar to those of the can-
didate FGM material. This task necessitates several subordinate tasks, and we have devoted much of our
efforts over the past year to this topic. We have adapted methods from the literature to robustly segment
images into disjoint sets — every point is unambiguously assigned to either the inclusion or the matrix
phases — with well-defined boundaries. We have extended a family of recently introduced morphological
descriptors, the Minkowski valuations, which describe the complexity of microstructural patterns as a
family of arbitrarily high-ordered tensors.

We have written several computer programs to implement various aspects of the developments men-
tioned above. Some early pixel-based computer programs were abandoned when we showed they were
not accurate for smooth microstructural features. Subsequent programs implement segmentation algo-
rithms, shown schematically in Figure Tor-1, which accurately model smooth boundaries with sub-pixel
resolution. Future work in this area involves adjusting certain control parameters in the segmentation al-
gorithm to best suit the FGM candidate materials, and further optimizing the computer codes.

We have begun making inroads into the third task, the correlation of phase morphology to properties
of the composite material. By meshing the segmented microstructural images (Figure Tor-2) and perform-

Figure Tor-1: Schematic of image segmentation. (a) circled inclusion in SEM micrograph; (b) non-uniform, aniso-
tropic smoothing operator is applied to the image grayscale gradient, yielding a smoothed gradient vector field; (c)
closed membranes are initialized in field and deformed to minimize energy functional that causes them to fit inclu-
sion shape.

ing finite element analyses, we can place bounds on the homogenized properties of the composite. So far
we have considered the homogenized elasticity tensor, modeling each phase with isotropic, elastic materi-
al properties. Our analysis shows that the Minkowski valuations are superior descriptors relative to the
more common two-point correlation functions.
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Figure Tor-2: Meshing microstructures and homoge-
nized properties. Microstructure (a) is meshed (b) by
locating nodes along boundary identified using
process of Figure Tor-1. FEM simulation of (c) and
(d) shows them to have differing maximum stiffness,
yet essentially identical two-point correlation func-
tions. Minkowski valuations easily discern differenc-
es that lead to different properties.

In the fourth task, we will combine the developments made previously, and use techniques from to-
pology optimization to create numerical microstructures with morphological characteristics sampled from
statistics generated by analysis of the SEM micrographs of candidate FGM materials. The FEM-based
homogenization techniques will then be used to bound composite properties of interest, and we will seek
correlations between the morphology and composite properties.

C — Framework and Methodologies for Risk-quantified Structural Assessment of
STATS

There are four projects underway in the broad area of risk-quantified structural assessment. The ap-
plication of STATS in next generation airframes will largely depend upon confidence enabled through
risk-quantified structural assessment.

In the first (C1), Junho Song (Ul) and Eric Tuegel (AFRL/RBSM) lead a project to develop novel
“Uncertainty/Risk Quantification Methods for STATS.” This project develops efficient methods for quan-
tifying the uncertain responses and the risks through computational simulations. Also developed are the
methods to identify important input uncertainties through sensitivity analyses, which will allow a focus on
the dominant uncertainties during the risk-quantified structural design (RQSD). AFRL/RBSM will pro-
vide a small-scale example of aircraft substructure, such as a wing torque box, to use as an example
throughout the development of uncertainty/risk quantification methods.

The second project in this theme (C2) focuses on “Validation with Uncertainties in Both Simulation
and Experimental Results.” Led by Mark Brandyberry (Ul) and Eric Tuegel (AFRL/RBSM), this research
team will provide accurate simulation tools with which to make predictive calculations of physical
processes of interest. Simulations are, by their nature, approximations to reality, and as such have various
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uncertainties associated with their results. Often it is difficult to adequately assess these uncertainties due
to the computational time required to make the runs, and thus it is desired to minimize the number of si-
mulations required. This effort seeks to understand the relationship between input uncertainties and simu-
lation confidence when constrained by a limited number of computational runs.

“System Reliability with Correlated Failure Modes” (C4) is led by Harry Millwater (UTSA) and Eric
Tuegel (AFRL/RBSM). In it a system reliability-based methodology is being developed to supplement
engineering judgment and determine critical locations that are candidates for careful analysis, and moni-
tored during testing and operation. The methodology uses a formal pairwise error metric that determines
the relative error in the system reliability should a limit state be filtered. The methodology was demon-
strated on T-38 lower wing skin. Continuing studies concern the damage tolerance analysis of 133 holes
located in a T-38 longeron.

Project C5, “Identifying Structurally Significant Items Using Matrix Reanalysis Techniques,” at-
tempts to resolve the critical issue that future aircraft platforms are likely to have minimal information
about their combined thermo-mechanical-acoustic operational environment and no information about
their failure rates. As a result it is highly unlikely that traditional factors of safety will provide the same
level of reliability. Ravi Penmetsa (WSU) and Eric Tuegel (AFRL/RBSM) lead a team working to pro-
vide component designers for these future platforms, the safety factors and maintenance requirements to
minimize operational costs. In this research, a Boeing 707 lower wing skin with stiffeners was used as an
example to demonstrate the proposed risk assessment process. This process is developed along the lines
of the Failure Mode Effects and Criticality Analysis (FMECA) that is used in reliability engineering,
along with a Risk Priority Number (RPN) that unifies all the structural components into a single compari-
son metric irrespective of their failure mode and discipline.

C1 Uncertainty/Risk Quantification Methods for STATS (Song, Lee, Tuegel)

The goal of the project is to develop novel stochastic methods that quantify the uncertainty and risk of
spatially tailored aero-thermal structures (STATS) using advanced computational simulations. The prima-
ry focus is on methods that identify important input uncertainties, which will enable us to put the priority
of limited resources on the dominant uncertainties during condition based maintenance as well as risk-
informed design of aircraft structures.

4% Cential Dayfant Time 2007

Figure Son-1. ABAQUS wing torque box model and system reliability analysis result.

First, we developed a computing tool to perform reliability analysis of STATS by use of a widely-
used finite element (FE) software ABAQUS in conjunction with a Matlab-based, open-source reliability
analysis software FERUM. As an example structure of the project, we created an ABAQUS FE model of
a generic aircraft wing torque box through collaboration with researchers in AFRL and MSSC. We per-
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Figure Son-2. Procedure of the B method and sequential updating of the system failure bounds

formed “system” reliability analysis of the wing box, i.e. computed the probabilities of system failure
events defined as logical functions of multiple component limit states, using the developed computing
tool. The details of the study were presented in the 10" AIAA Nondeterministic Approaches conference
(2008). Figure Son-1 shows the developed ABAQUS wing torque box model and the system failure prob-
abilities computed by the system reliability analysis.

One of the major failure modes of aircraft structures is caused by crack nucleation and propagation
induced by cyclic loading fatigue. Due to various uncertainties in materials, loadings and mathematical
models, and the complex effect of load redistribution during crack propagation, it is a challenging task to
identify important uncertainties relative to the fatigue-induced failure of a system. As the first step toward
the development of fatigue system reliability analysis method, we performed a literature review on proba-
bilistic fracture mechanics and structural progressive collapse. During this review, we identified merits of
existing methods as well as research needs. In particular, we surveyed branch and bound methods, crack
growth models, and the uncertainty quantification method such as dimension reduction (DR) method that
will be useful for the risk/uncertainty quantification of STATS using computational simulations.

Based on these findings and discussions with AFRL researchers, we developed a recursive formula-
tion of the limit state function of time varying crack length. This new formulation enables us to account
for the effect of the stress redistributions caused by multiple crack growth during stochastic fatigue analy-
sis. We also developed a new branch and bound method using system reliability bounds, termed the ‘B®
method.” Figure Son-2 illustrates the procedure of the method and the updating of the bounds. Recent ap-
plication of the B® method to a three-dimensional truss structure confirmed that the method enables us to
estimate the risk of a progressively failing structure accurately with minimum cost of structural analysis.
In addition, the method enables us to identify most critical failure paths in the decreasing order without
neglecting critical paths. The method was successfully applied to a three-dimensional truss structure and
is being applied to more complex structures to present the method through journal publications. Current-
ly, the B® method is being further developed for quantifying the uncertainty in the crack length, which is
essential for the condition-based maintenance of aircraft structures.
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As a test bed example of the developed methods, a tapered beam model has been under development.
The initial design and its design requirements were decided through discussions with AFRL researchers.
Based on the suggestions, an initial ABAQUS model and its representative loading conditions were de-
veloped. Figure Son-3 shows the initial ABAQUS model and FE analysis results. After further develop-
ment, we will apply the B® method to this tapered beam model to demonstrate the method and to identify
further research needs.

G08: Tapaied_beam_IniEmoduledl  Abagus/Standsnd Version 6.7-1  Hed Sep 24

Figure Son-3. Initial tapered beam model and FE analysis result.

C2 Validation of Simulations Having Uncertainties in Both Simulation and Experiments
(Brandyberry, Gruenwald, Haney)
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Figure Bra-1. CFD-generated pressure distribution on
wing and section of fuselage that will be applied to
ABAQUS solid mechanics model of wing.

Figure Bra-2. ABAQUS deformation response of ap-
plied pressure shown in Figure 1 (displacement accen-
tuated in figure to allow visual observation of dis-
placement). Color illustrates stress in wing.

Figure Bra-3. ABAQUS model of clamped-beam expe-
rimental setup. Entire assembly will be vibrated normal
to the clamped beam, and modal response of beam to
different vibrations will be observed.

Over the past year, progress has been made in development and application of the surrogate-
clustering uncertainty propagation methodology previously reported. Extension of the method to a
coupled fluid-structure interaction (FSI) problem modeling the structural wing response of an Air Force
training jet has been assembled, allowing estimation of the uncertainties in the coupled simulation. A
combination of computational fluid dynamics (CFD) simulations (using the Rocstar simulation suite —
Figure Bra-1) of a half-model of the trainer and an ABAQUS solid mechanics model of the wing (Figure
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Bra-2) have been combined with uncertainty estimates in both CFD and solid mechanics input parameters
to generate uncertainty estimates of wing stresses and displacements for the coupled simulation.

The coupled FSI problem modeling is ongoing, but no experimental data currently exists to compare
to the results of the modeling. In order to enable validation modeling using both computational and expe-
rimental results with uncertainties, an ongoing experiment involving structural dynamics has been identi-
fied which will ultimately generate rich experimental results for comparison to ABAQUS computations.
The new problem involves creating a nonlinear reduced order model of a non-planar clamped-clamped
beam (Figure Bra-3). Currently, work is ongoing to generate a method to construct an appropriate re-
duced-order surrogate model for use in the surrogate-clustering uncertainty propagation method. This re-
duced order model model will then be used in conjunction with a full non-linear ABAQUS model of the
experiment as the full-order model. This will allow propagation of uncertainties in the simulation to esti-
mate the uncertainty in the simulation system response quantities (SRQs). Finally, once experimental re-
sults are available, techniques for comparing the simulation and experimental results will be developed.

There are no generally accepted methods for comparing dataset with uncertainty, and research is on-
going in how best to perform comparisons and generate appropriate metrics. Leveraging work being per-
formed in the Center for Simulation of Advanced Rockets (CSAR), a computer program to compare two
two-dimensional planes of simulation/experimental data has been constructed, with several different dif-
ference metrics (mean-squared-error, maximum difference, etc). Computational and experimental results
are both currently available from a project funded by the US Navy through a Small Business Technology
Transfer Research (STTR) project to IllinoisRocstar LLC and Ul, which will be used to explore tech-
niques for comparing simulation/experimental data until Air Force experimental data is available. Once
two deterministic planes of data may be compared, extension to comparing uncertain planes of data will
be explored. Extension to three dimensions is anticipated. Use in cases where full planes/volumes of un-
certain data are not available (i.e., limited experimental data) will then be explored as well.

Finally, work in decision theory is ongoing, leveraging complementary work being performed in
CSAR, in an attempt to bring non-mathematical considerations into the validation process. In any pro-
gram needing to determine whether or not simulation results are “valid” for the application at hand, there
are always questions as to what level of agreement is required, which then leads to questions of the use of
the simulations and potential impacts of the simulations being invalid (life safety, programmatic impact,
financial impact, etc). The use of simulation in design processes is currently being reviewed with the goal
of generating generic sets of questions to be answered in a decision approach to validation, which may
then be coupled with validation metrics generated from a simulation/experimental program.
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C4 System Reliability with Correlated Failure Modes (Millwater, Smith, Sparkman, Wieland,
Tuegel)

ire Mil-1. Correlation of stresses to high stress location
in root radius

Figure Mil-2. T-38 longeron damage tolerance analysis

New aircraft systems are likely to be constructed of novel materials, operate in extreme environments,
and be of limited productions runs. As a result, experience-based methods for determining critical failure
locations and failure modes may be lacking. Therefore, a systemic reliability-based methodology was de-
veloped to supplement engineering judgment and determine critical locations that are candidates for care-
ful analysis and monitoring during testing and operation.

The methodology uses a formal pairwise error metric that determines the relative error in the system
reliability should a limit state be filtered. The error metric considers the relative probabilities of failure
and the correlation between limit states. Limit states with a filtering error above a threshold are kept and
those below filtered. An efficient numerical method to evaluate the relative error was implemented that
obtains accuracy to approximately 10™°. Second order bounds are used to estimate the cumulative effect
of all limit states. Both FORM (First Order Reliability Method) and sampling approaches have been de-
veloped that use the error metric as a bases for determining critical limit states.

The methodology was demonstrated using a T-38 lower wing skin analysis among others. Foiur dif-
ferent load cases were created and analyzed: (i) ultimate flight condition, which represented the greatest
loading expected to be seen by the wing and included both bending and torsion, (ii) subsonic fatigue, (iii)
supersonic fatigue, and (iv) landing. Random variables were the stiffnesses of the nine different materials
in the model (10% coefficient of variation) and the yield strength of the lower wing skin (3.3% coefficient
of variation). The methodology indicated that the root radius was the critical location. Figure Mil-1 shows
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the correlation between all other locations and the root radius. Continuing studies concern the damage
tolerance analysis of 133 holes located in a T-38 longeron as shown in Figure Mil-2 (longeron region hig-
hlighted in red).

C5 Identifying Structurally Significant ltems using Matrix Reanalysis Techniques (Penmetsa,
Kable, Shanmugam, Tuegel)

Any structural system has a load path, or paths, that transfers applied loads to the attachment points
through the structure. The goal of a designer is to use the least amount of material to accomplish this task
with high reliability. This reliability can be achieved by either introducing redundancy, which increases
weight, or by selecting components that can survive operational loads even in the presence of uncertain-
ties in loading and material properties, and geometric tolerances. Traditionally, reliability has been intro-
duced implicitly through various factors
of safety, which have demonstrated low
failure rates for metallic aircraft struc-
tures. However, for future platforms with
minimal information about their com-
bined thermo-mechanical-acoustic opera-
tional environment and no information
about their failure rates, it is highly un-
likely that the traditional safety factors | Figure Pen-1: Boeing 707 lower wing skin.
will provide the same level of reliability.
Therefore, to design components for these

future platforms, the designer needs to .
ensure that the components satisfy various Stringer 3 Seringer 4 Stringer 5 stringex 6
safety and maintenance requirements with
minimal operational costs. T - § e W

There are certain structural members | L. L 7 e [ & —
on an aircraft like the wing attach points, ™ e I e e Y J
longerons on the fuselage, etc., whose _L L
failure results in the immediate loss of the N |

——as2t0. 22200

aircraft. Other structural features, such as
fastener holes, can have cracks develop- Figure Pen-2: Stiffener geometry (dimensions in inches).
ing that lead to an unscheduled/scheduled
maintenance and unavailability, but are not catastrophic failures. Every structural member would fall into
one of these categories or a combination of the two. Unfortunately these failures can be located in the in-
ternal cavities of the structure and become visible only with a complete teardown. Hence, knowledge of
the structural failure modes of all structural components and their consequences is vital for a reliability or
risk centered design and maintenance process. Investigation of the above-mentioned scenarios will enable
development of a quantitative and qualitative risk assessment and management process.

In this research, a Boeing 707 lower wing skin with stiffeners was used as an example to demonstrate
the proposed risk assessment process. This process is developed on the lines of a Failure Mode Effects
and Criticality Analysis (FMECA) that is used in reliability engineering. FMECA incorporates Severity
(S) of damage, probability of damage Occurrence (O), and damage Detection (D) into a single framework
and provides metrics to quantify safety critical and maintenance critical items. Each of these components
is assigned values from 1 to 10 based on the structural failure characteristics. For situations where com-
ponent failure results in a catastrophic damage, S is assigned 10; where the damage can be handled during
a routine scheduled maintenance, S is assigned 1. Similarly for highly probable events, O is assigned 10
and for relatively low probability events lower values are assigned to O. Finally a value of 10 is assigned
for D to represent a damage location that requires a complete teardown analysis. A value of 1 is assigned
for damage that is visible during a routine pre-flight check. The product of these three numbers is called a
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Component Potential Failure Mode | Severity | Occurrence Detection RPN=
"“8” “o” “D” S$*0*D

Lower Wing Skin Fracture of Stringer 2 25 3.1 5 38.7

Fracture of Stringer 3 2.8 3.1 4] 43.4

Fracture of Stringer 4 3.8 1.0 5 19.0

Fracture of Stringer 5 3.9 1.0 5 19.56

Fracture of Stringer 6 25 7.6 5 95.0

Fracture of Stringer 7 3.6 1.0 5 18.0

Fracture of Stringer 8 3.8 1.0 5 19.0

Fracture of Stringer 9 3.0 3.1 5 46.5

Fracture of Stringer 10 2.7 3.1 5 41.8

Table Pen-1: Failure Mode Effects and Criticality Analysis (FMECA) for Wing Panel

Risk Priority Number (RPN) that unifies all the structural components into a single comparison metric
irrespective of their failure mode and discipline.

These RPN can be determined by exploring all the potential failure modes of the structure and its
consequences. This process results in proactive risk management as opposed to a reactive management
process that is initiated only after reliability issues are identified. FMECA improves reliability by elimi-
nating or monitoring the single point failure locations. Table Pen-1 shows the final RPN values for the
Boeing 707 lower wing panel. Details can be found in [Penmetsa, R.C., Kable, B., and Tuegel, E., 2009.
“Identifying  Structurally  Significant Items using Matrix Reanalysis Techniques,” 50th
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics & Materials Conference, Palm Springs,
CA, May 4-7, 2009, AIAA 2009-2259]. These values agree with the findings in the literature that were
based on both design and in-service cracks observed.

D — Experimentation, Verification, and Validation

Three critical projects enable the completed circle of design—simulation—implementation. An “Expe-
rimental Investigation of Thermomechanical Fatigue Failure Modes” (D1) is led by Huseyin Sehitoglu
(UD) and Mike Spottswood (AFRL/RBSM). Successfully modeling fatigue in aerospace structures re-
quires detailed knowledge of the various structural and material failure modes across the very wide varie-
ty of fatigue loadings possible. In this project we conducted a series of experiments to determine the rela-
tive importance of low cycle, high cycle and fatigue crack growth in titanium subjected to thermomechan-
ical fatigue. To understand how such microstructural inhomogeneities affect fatigue damage accumulation
in Ti, this work characterized the spatial distribution of residual deformation at the mesoscale (a few
grains) and at the macroscale (hundreds of grains) in titanium subjected to cyclic tensile loading. DIC was
employed to track and understand the strain fields evolved under the fatigue loading.

John Lambros (Ul) and Michael Spottswood (AFRL/RBSM) have teamed with their colleagues in the
“Development of Experimental Techniques for Validating a Coupled Thermomechanical Fatigue Simula-
tion Framework” (D2). The objective of this project is to develop experimental techniques for extreme
environments such as thermomechanical fatigue. For this reason, Hastelloy X, a nickel-based alloy com-
monly used in extreme environments, was chosen for experimentation.

“Thermomechanical Fatigue of Hastelloy X: Role of Combined Loading on Material Response,”
project D3, continues from the earlier work of project D1 that dealt with investigating Ti and Ti alloys. In
this effort Digital Image Correlation (DIC) has been applied to measure the coefficient of thermal expan-
sion of Hastelloy X. Using carefully designed induction heating to ensure uniform temperature distribu-
tion, samples were heated to temperatures in the range of 30-650 °C. Special sample preparation proce-
dures were developed to enable the use of DIC for displacement measurements at such elevated tempera-
tures.
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D1 Experimental Investigation of Thermomechanical Fatigue Failure Modes (Sehitoglu, Efs-
tathiou, Spottswood)

To understand how such microstructural inhomogeneities affect fatigue damage accumulation in Ti,
this work characterized the spatial distribution of residual deformation at the mesoscale (a few grains) and

at the macroscale (hundreds of grains) in
titanium subjected to cyclic tensile load-
ing.Grade 2 pure titanium () has a hex-
agonal close-packed crystal structure. It is
known that these low-symmetry crystal
structures do not have sufficient slip sys-
tems to accommodate an arbitrary defor-
mation, and therefore the collective beha-
vior of grains, and grain-grain interactions
become increasingly important. This can
lead to significant heterogeneous deforma-
tion development at the microstructure.
Three loading cycles, shown in Figure
Seh-1, produced an increasing amount of
incremental plastic strain. Using ex situ
digital image correlation (DIC), which was
described in last year’s report, we com-
pared the strain fields obtained at optical
magnifications ranging from 3.2x to 50x.
Numerous images at higher magnifications
have to be assembled to encompass the
same field-of-view observed at lower
magnifications. Figure Seh-2 shows the
residual axial (horizontal direction) strain
field induced by the second loading cycle
for the same area of the sample, as ob-
tained using three different magnifications.
The corresponding grain pattern is shown
in the right of Figure Seh-2. The strain
fields at the highest optical magnification
(50x) reveal deformation patterns that are
not detectable at lower magnifications.
These deformation patterns appear as in-
clined slip bands near grain boundaries
and grain boundary triple points, with the
bands sometimes crossing into neighbor-
ing grain interiors.

Continuing this process, it is experi-
mentally or numerically impractical to
assemble strain fields from the nanometer
to the millimeter length scale. Instead, it is
commonly assumed that such defects are
averaged, or homogenized, based on a rep-
resentative volume element (RVE) of ma-
terial. Here we can probe the length scale
of an RVE under plastic deformation con-
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ditions using the data of Figure Seh-2. The determination of a “plastic RVE” is done by calculating the
standard deviation of the average strain at various length scales for the same strain field. The estimated
RVE length scale was nearly three times the average grain diameter (i.e., 27-40 grains in 3D) if extracted
from the 50x results. The estimate of the RVE length scale was smaller at lower magnifications, which
was due to a homogenizing effect caused by the lower measurement resolution. Thus, care must be taken
when experimentally obtaining RVE length scale estimates.

The issue of how damage accumulates was probed by performing the ex situ residual strain calcula-
tion after each of the three successive loading cycles. The results from a 25x magnification are shown in
Figure Seh-3. The first column represents the residual strain after the first loading increment, the second
column represents the total accumulated residual strain of the first plus the second load increment, and the
third column represents the total accumulated from all three load increments combined. Plastic deforma-
tion appears somewhat uniform after the first load increment, and becomes nonuniform after the second,
with the plastic deformation initially localizing at triple points and then moving towards the interior of
grains. At the completion of the third load increment, the strain field has developed regions with signifi-
cantly larger strains, and consequently at this length scale it appears spatially somewhat more homogene-
ous again. Note, however, that the deformation
pattern after the third load increment has a signif-
icant numerical strain heterogeneity which ranges
from approximately 0-4% even though the no-
minal value should be 2.3% (and the average val-
ue is very close to that).

D2 Development of Experimental Tech-
niques for Validating a Coupled
Thermomechanical Fatigue Simula-
tion Framework (Carroll, Lambros,
Spottswood)

The objective of this project is to develop ex- Figure Car-1: (a) Cracked specimen in thé load frame

perimental techniques for extreme environments
such as thermomechanical fatigue. For this rea-
son, a nickel-based alloy, Hastelloy X was chosen
for experimentation. This material has proven to
be a good material for high temperature studies
because of high strength and modulus of elasticity
at elevated temperatures.

Since fatigue damage initiates and accumu-
lates at the grain level, our experimentation will
focus on microscale techniques with sub-grain
level resolution. A high magnification level is
required in order to make grain level strain
surements with digital image correlation (the
same technique used in our earlier experimenta-
tion). However this requires that multiple images
be taken to cover a collection of several grains.
An optical microscope at 50x magnification (87
nm/pix) allows for significant sub-grain level res-
olution in digital image correlation (DIC) mea-
surements; however, the area covered by a single
image at this magnification is relatively small
(105 um by 140 pm—about the size of one

with an outline of the region of interest. (b) EBSD was
performed on the region to obtain grain geometry and
orientation. The region was imaged in an optical mi-
croscope (at 50x) by a series of 96 images.

100 pm

Figure Car-2: (a) DIC strain field perpendicular to the
crack covering the entire region of interest. (b) A por-
tion of the strain field has been enlarged to compare it
to grain geometry and orientation information obtained
through EBSD.
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grain). To address this issue, multiple overlapping images (up to about 100) were captured in the micro-
scope at 50x and stitched together to obtain a high-resolution image over a much larger region (690 um
by 790 um), such as the black region shown in Figure Car-1a. Subsequently, DIC measurements were
made using the stitched high-resolution images. A large part of this procedure was developed by project
D1 in this collaborative activity.

Although using optical microscope images for DIC gives higher resolution strain measurements, this
technique is only able to capture ex situ images as follows: First, the notched specimen was finely po-
lished and analyzed in a scanning electron microscope (SEM). Grain geometry and microstructure were
obtained over the region of interest by performing electron backscatter diffraction (EBSD). Locating the
EBSD region’s exact position on the sample’s surface is important for aligning DIC measurements with
microstructural features. The location of the EBSD region in relation to the notch was determined by cap-
turing a series of secondary electron images at a lower magnification covering the entire specimen width.
Next, an optical microscope was used at 50x magnification to image the region of interest using 96 im-
ages that were subsequently stitched together to form the DIC reference image. The single edge-notched
tension specimen was then placed in a servo-hydraulic load frame and loaded in fatigue cycling until a
fatigue crack initiated at the notch. Figure Car-1 shows the cracked specimen with an outline of the region
of interest (Figure Car-1a) and the corresponding grain orientation map from EBSD (Figure Car-1b).

After the fatigue crack had grown to a total length of 1.5 mm (24,000 cycles), the specimen was re-
moved and images of the deformed specimen were captured using the optical microscope. DIC was per-
formed on the two sets of microscope images to obtain the residual strain fields introduced by the grow-
ing fatigue crack. By carefully aligning features in the optical microscope images and the SEM images,
the DIC results can be compared to the local microstructure as seen in Figure Car-2. One region of the
field is enlarged in Figure Car-2b to highlight a specific feature of the strain field. Two large slip bands
have formed within the twinned region of the grain (colored in yellow). In future work, such regions will
be examined in relation to the specific orientation of the grains of interest—information that is directly
available from the EBSD results.

D3 Thermomechanical Fatigue of Hastelloy X: Role of Combined Loading on Material Re-
sponse (Abuzaid, Sehitoglu, Spottswood)

Continuing from the earlier work of project D1 that dealt with investigating Ti and Ti alloys, in this
effort Digital Image Correlation (DIC) has been applied to measure the coefficient of thermal expansion
of the nickel-based super alloy, Hastelloy X. Using carefully designed induction heating to ensure uni-
form temperature distribution, samples were heated to temperatures in the range of 30-650 °C. Special
sample preparation procedures were developed to enable the use of DIC for displacement measurements
at such elevated temperatures.

One of the problems encountered was surface change due to oxidation upon heating which drastically
changed the sample surface speckle pattern, thus affecting DIC measurements. To address this issue,
samples were finely polished to 0.3 microns, heated in an oven to 1000 °C and held at that temperature for
five minutes to allow homogenous surface oxidation. After quenching in water, a fine speckle pattern was
applied to the surface using a Si powder. This procedure prevented significant pattern changes due to ad-
ditional oxidation when the sample was then heated in the load frame. However the direct use of DIC for
temperatures beyond 650 °C was not possible because surface glowing became significant. To validate
the DIC measurements between 30 and 650°C, the thermal expansion coefficient of Hastelloy X was
measured over this entire range and found to be in good agreement with literature values (around 15-20
microstrain/C°).
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heated from reference state of 345 °C to a deformed state of 596 °C. Full field results were used to calculate the
coefficient of thermal expansion.

An additional feature of the surface preparation process was that it revealed the material grain boun-
daries by oxidation. This allowed in situ high magnification measurements (14x magnification) at the
grain level and at high temperature (up to 650°C), as shown in Figure Abu-la. As was the case in our ear-
lier room temperature deformation experiments on Ti, even for the case of unconstrained thermal expan-
sion, DIC at the grain level reveals sub-grain inhomogeneities in the resulting strain field (Figure Abu-
1b). In contrast, the corresponding far field result (around 1.5 x magnification) gives a homogeneous
strain field. This is expected to have important implications in thermomechanical fatigue (TMF) damage
evolution. In preparation for TMF experiments that can now be done in the range 30-650°C, new control
software for TMF has been developed. This program synchronizes mechanical and temperature loading
while capturing deformed images throughout the loading cycles. It will be put to use in the near future.

There is interest in
extending DIC mea-
surement to temperatures
higher than 650°C, even
if correlation between
temperatures may not be
possible. To allow DIC
testing at higher
atures (650-1000 °C),
samples were painted
with a high-temperature
paint and then speckled
with Si powder. Upon
heating beyond 650 °C,
the digital image intensi-
ty increased proportion-
ally with temperature
(Figure Abu-2a,b) be-
cause of sample glowing :
(Figure Abu-2c). As the (b3 [c
image  brightness  in- | Figure Abu-2: (a) Image at 650 °C; significant surface glowing to be observed upon
creases, the  image | further temperature increase. (b) Image at 790 °C showing clear lighting changes
attributed to surface glowing. (c) Glowing sample heated in the load frame.
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sity distribution saturates, thus preventing the use of DIC. However lighting conditions can be adjusted at
each specific temperature to guarantee a good image intensity distribution as long as the sample tempera-
ture is held constant. This procedure reduces the effect of surface glowing thereby allowing isothermal
testing using DIC and was applied for the simple case of tension tests at high temperatures as shown in
Figure Abu-3. Each test in the figure is an isothermal elasto-plastic uniaxial loading experiment where the

average strains have been measured using DIC.
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Figure Abu-3: Stress-strain data of Hastelloy X sub-
jected to 6 consecutive loading cycles. Temperature
was increased at end of each cycle. For high temp
cycles (>650 °C) lighting conditions were adjusted
after new temperature set point had been reached.
Note strain is an average obtained from full field

DIC measurements.

3 Management

Executive Director William Dick manages the Center, and along with two Ul co-Technical Directors
(Glaucio Paulino and John Lambros) work with their research counterparts at AFRL/RBSM. A Science
Steering Committee of program participants (Ul and AFRL/RBSM) convenes bi-weekly to guide pro-
gram execution. Collaboration among the partners is frequent (near-daily) and intense (co-advised re-
search projects and graduate theses, teamed simulation and experiments, co-authored journal articles and
project proposal submissions, etc.). Computational resources, graduate assistantships, experimental facili-
ties and visitor office spaces exist at Ul to directly support the MSSC. The Directors and Science Steering
Committee members are responsible for nurturing the research program, administering the Center, and
maintaining and expanding relationships with AFRL/RBSM. This directorate provides the leadership ne-
cessary to ensure that the Center identifies the most important research areas, attracts the most qualified
researchers, and pursues and completes the work effectively over the long term. A small administrative

staff works to execute Center activities.

The MSSC is housed within the University of Illinois Computational Science and Engineering (CSE)
Program. CSE is inherently interdisciplinary, drawing faculty, staff and students from 17 departments and
requiring expertise in advanced computing technology, as well as in one or more applied disciplines. The
purpose of the academic CSE Degree Option is a perfect complement to the goals of the AFRL/RBSM
program — to foster interdisciplinary, computationally oriented structural sciences research among all
fields of science and engineering, and to prepare students to work effectively in such environments. This
academic structure lends itself naturally to the requirements of the MSSC: a free flow of students and
ideas across academic departmental, college, and governmental unit lines. A far-reaching Visitors Pro-
gram has been implemented to encourage close collaboration among the team members. Research offices
and computational facilities in CSE space are available for this purpose.
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