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In this work, we present a multiscale reduced-order modeling framework to simulate the
response of a generic titanium skin panel structure subjected to thermo-mechanical loading
associated with high-speed flight, which could be potentially used for microstructure-informed
fatigue damage initiation prediction in Aerostructures. The formulation is based on the
eigenstrain-based reduced-order homogenization model (EHM) for polycrystal plasticity the
authors have developed over the past few years. New developments in this manuscript accounts
for thermal strains as well as temperature dependent material properties and evolution laws. In
this framework, the material microstructure (i.e., at the scale of a polycrystalline representative
volume element (RVE)) and underlying microstructural mechanisms are directly incorporated
and fully coupled with a structural analysis that involves thermo-mechanical loading. This
formulation allows concurrently probing the response at the structural scale and the material
microscale, enabling microstructure-informed structural scale fatigue analysis. The model is
calibrated based on a series of uniaxial tension tests of Ti-6242S at a wide range of temperatures
and two different strain rates, and then adopted to study the response of a generic aircraft skin
panel in high-speed flight condition. The analysis focuses on demonstrating the capability of
the model to predict not only the structural scale response, but simultaneously the microscale

response, and its potential for microstructure-informed fatigue damage initiation prediction.
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Nomenclature

X,y; (¢ = Coordinates of the macro- and microscale domain; scale separation parameter
a7 = macroscopic displacement and temperature

€, 0.b = macroscopic strain, stress and body force

0,6 K = Homogenized density, specific heat and thermal conductivity at the macroscale
el ,u(‘”), o(@ = strain, inelastic strain and stress of part «

ys(@) gs(@) gs(a) zs(a) slip rate, strength, resolved shear stress and Schmid factor of the s-th slip system of part a

s(a) s(a) s(a)

50 s Sior > Sdeb = initial slip resistance, and slip resistance due to forest dislocation and dislocation debris
ptfv(vg), psne ps = dislocation densities of the s-th slip system of part &

APAM = coefficient tensors

I = Identity tensor

Superscripts

s;a, B = slip system index; part number

Subscripts

for; deb; tot = forest dislocation, dislocation debris; total dislocation density

i,j,k,l,mn = index

I. Introduction

EROSTRUCTURES are exposed to extreme and transient thermo-mechanical loads associated with aerodynamic
Aenvironments that push the structure into a myriad of limit states. Understanding the structural response and
eventually structural damage prognosis to assist the design process have been a long-pursuit research focus across
industrial and federal agencies [[I]. In this work, we are particularly interested in fatigue damage initiation of metallic

aerostructures, since the fatigue crack nucleation could take up nearly 90% of the total fatigue life for metals [[].
Existing efforts on investigating the response of aerostructures subjected to high-speed flight environment mainly
focus on: 1) characterizing the thermo-mechanical loading associated with high-speed flight; 2) accurate modeling
of the material evolution and damage accumulation in the high-speed flight environment. Representative work on
characterizing the thermo-mechanical loading include but are not limited to experimental studies by Beberniss et al.
[M], Spottswood et al. [B], and numerical investigation with loosely coupling [4], fully-coupling [8, H] and reduced-
order modeling (ROM) [[1, B]. Early research on modeling material response under high-speed flight condition
mostly adopted elastic, elastic-plastic models such as the work by Arya et al. [9] and Xue and Mei [IU]. More
recently, elastic-thermoviscoplastic model [[IT], the Chaboche constitutive model considering strain hardening together

with the Palmgren-Miner linear damage rule [17], viscoelasticviscoplastic formulation accounting for oxygen-assisted



embrittlement [3], creep and multiplicatively-decomposed plasticity [[4] have been used to evaluate the response of
aerostructures. Given that damage initiation and propagation in metallic material are highly localized phenomena, one
needs to track microstructural deformation and consider microstructural mechanisms to capture failure initiation.

Crystal plasticity finite element (CPFE) modeling has been an increasingly used to study microstructure-based
plastic deformation, fatigue damage initiation and propagation at different temperatures and loadings [I5, T5-19].
However, the tremendous computation cost associated with CPFE simulations, and the orders of magnitude of difference
in the length scale between a polycrystalline RVE and a structural component, make it computationally prohibitive to
conduct a structural scale CPFE simulation even with parallel computing techniques [20].

To upscale from the microstructure level of polycrystalline representative volume element (RVE)) to the structural
scale, several homogenization methods have been proposed (e.g., see a detailed review in Ref. [21]). Recently, the
eigendeformation-based reduced-order homogenization (EHM) model, originally proposed for fiber-reinforced com-
posites [22-24]] has been advanced for the modeling of polycrstal plasticity [25]. EHM is based on the transformation
field analysis (TFA) [P6] and operates in the context of computational homogenization with a focus on model order
reduction of the microscale problem. EHM pre-computes certain microstructure information by solving a series of
linear elastic problems defined over the fully resolved microstructure (i.e., concentration tensors, interaction tensors)
and approximates the microscale problem using a much smaller basis spanned over subdomains (also called parts)
of the RVE. Using this reduced basis, and prescribed spatial variation of inelastic response fields over the parts, the
microscale problem leads to a set of algebraic equations with part-wise responses as unknowns, instead of node-wise
quantities as in CPFE. EHM has also recently been extended for a sparse formulation to further improve its efficiency
and scalability [77], incorporating different lattice structures and dislocation density based flow rule and hardening
laws [2X], and extension to finite deformation [29].

This work presents a thermo-mechanical EHM for computationally efficient multiscale analysis of polycrystalline
structures subjected to thermo-mechanical loading, with its application on a generic aircraft wing panel structure
made of titanium alloy, Ti-6Al-2Sn-4Zr-2Mo-0.1Si (Ti-6242S). Section 2 provides an overview of the EHM model
accounting for thermo-mechanical loading. Model implementation, calibration and validation are presented in Section

3, followed by the detailed analysis of an aircraft skin panel in Section 4. Section 5 summarize the manuscript.

I1. EHM for polycrystalline materials subjected to thermo-mechanical loading
EHM is based on the transformation field theory analysis [26], to reduce the computational cost associated with
the microscale problem in a two-scale computational homogenization (also called FE2, see [B0, B1]) setting as shown
in Fig. M. In standard computational homogenization, one needs to solve the coupled microscale problem (defined
over the microscale domain ®, characterized by spatial coordinate system y) and the macroscale problem (defined

over the macroscale domain €, characterized by spatial coordinate system x). EHM aims at model order reduction
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Fig. 1 Multiscale reduced-order modeling framework: (a) macroscale structure, an aerostructure subjected to thermo-
mechanical loading, which require evaluation of a full-field microscale problem in ¢) at any integration point of the macroscale
structure at any loading increment in a computational homogenization setting, and instead replaced by a reduced-order
representation in b) in an EHM framework.

of the microscale problem by: 1) partitioning the microstructure into a small number of subdomains (or parts),
where the coarsest partitioning in the context of crystal plasticity is one-part-per-grain; 2) pre-computing certain
microstructural information, including concentration and interaction tensorsobtained from linear elastic simulations on
the microstructure, associated with the partitioning of the microstructure domain; and 3) prescribing spatial variation
of inelastic fields in each part, where uniform response is assumed in each part.

Following the derivation in Ref. [BZ], we arrive at a one-way coupled thermo-mechanical problem. The thermal
problem do not account for the temperature variation over the microstructure, and provides the spatial variation (over
the macroscopic coordinate x € Q) and temporal history (over time 7 € [0, #;] ). The mechanical problem accounts for
the response variation over the microstructure, and starting from a coupled micro-macro scale problem, a reduced-order
system is derived to replace the microscale problem, serving as a constitutive law for the macroscopic problem. The

macroscopic problem is defined as

Gij,j (% T,t) + bi(x,T,t) = pit;(x,T,1) (1)

in which @ and T denote the macroscopic displacement and temperature fields, respectively. & represents the macroscale
stress, b the macroscale body force. p is the homogenized density.

The reduced-order system features a constitutive equation expressed in the form of an algebraic system, which is
solved for a small set of inelastic strains associated with each part and expressed as (at an arbitrary material point X on
the structure). The flow rule and hardening rules are also expressed for each reduced-order part. The ROM system are

summarized in Box [, and detailed derivation are provided in Ref. [B2].
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Box 1 Reduced order microscale problem.

ITI. Model implementation, calibration and validation
The 2D electron backscatter diffraction (EBSD) scan of the microstructure from Ref. [B3] is used to extract
the statics to generate a 3D polycrystalline RVE [2X] using software DREAM.3D [B4] following the microstructure
reconstruction and meshing procedures detailed in Refs. [BS, B6]. Figure D shows the orientation and grain size
distribution of Ti-6242S and a 145-grain microstructure used in the current study. When constructing the EHM, each

grain constitutes a EHM part, leading to 145-part EHM model. The dislocation density based crystal plasticity model
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Fig. 2 Microstructure for Ti-6242S: grain size distribution of a) @ and b) 3 phase; c) orientation distribution, and d) a
145-grain microstructure used in the current study. Data was published in Refs.[28, 32].

defined in Box [ together with the macroscopic equilibrium equation (Eq. (0I)), and a given set of initial and boundary
conditions fully define the multiscale problem. The influence function needed to compute the coefficient tensors in
EHM are first evaluated on the elastic microstructure at different base temperatures [32] to compute the corresponding
coefficient tensors. Coefficient tensors at any intermediate temperature can be directly interpolated [B7]. A calibration
process has been detailed in Ref. [37] using the reconstructed microstructure above, and a list of calibrated model
parameters are provided. The calibrated model can well capture the stress-strain response of from Ref. [33], at two

different strain rates (quasi-static (QS): 8.33 x 107>/s; high strain rate (HS): 0.01/s) and a wide range of temperatures

(from 298 to 923 K) as shown in Fig. B.

IV. A skin panel subjected to thermo-mechanical loading associated with high-speed flight
In this section, the calibrated EHM model for Ti-6242S is utilized to analyze a representative skin panel structure
subjected to combined thermo-mechanical loading associated with a high-speed flight condition. This analysis aims
at computationally characterizing the deformation processes at both structural and microscopic scale that could be

potentially used for fatigue initiation analysis and structural damage prognosis.
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Fig.3 Validation of the EHM model, with a comparison of the stress-strain response between simulations and experiments
across different temperatures at a) quasi-static strain rate, and b) high strain rate. Data was published in Ref.[32].

A. Representative skin panel structure

A generic skin panel that has been previously investigated in the literature [B3, 5, B, B, BY] is used in this study.
The panel has a dimension of 305.8 x 254 x 0.5 mm, with stiffeners along the long edges, and is made of Ti-6242S.
The width of the stiffeners is 30 mm and the thickness is 0.021 mm. The panel is discretized with tri-linear eight-
noded hexahedron elements with reduced integration that are regularized with hourglass stiffness, and the stiffeners
are discretized with four-noded shell elements with reduced integration. In the current simulations, the stiffeners are
taken to be elastic, while for the panel the EHM for Ti-6242S based on the 145-grain microstructure is adopted. A
time step size and mesh size convergence study has been conducted in Ref. [87], confirming that the element size of
h = 3.175 mm and time step size of At = Se — 6 s yield a converged response and will be employed in all the simulations
afterwards. A revised version of the panel with three bolt holes is shown in Fig. Bl (a) along edge AD is also considered
in the current study. An optimal time step size is determined based on a time step convergence study in Ref. [BZ].

The panel is subjected to thermo-mechanical loading associated with a Mach 2, free-stream dynamic pressure of
123 KPa [B]. To obtain the spatially varying temperature profile over the panel, a thermal analysis of the panel subjected
to a free stream temperature is used following Ref. [BX]. In the current study, we start with the temperature profile of
the panel at t=20 s after imposing the adiabatic wall temperature, and conduct a thermo-mechanical analysis for 20 ms
using EHM. At the beginning of the simulation (i.e., 20 s after aerodynamic heating), the calculated temperature profile
is shown in Fig. @ (b), with a temperature range of approximately 300-385 K, similar to that in Ref. [4(]. We note that
since within the current temperature range the change in elastic moduli is negligible, we directly use the values at room
temperature from [&1] to save computational cost. If the temperature range is large, the dependency of elastic moduli
on temperature reported in Ref. [T6] can be considered. Within the 20 ms span of the analysis, temporal temperature
change is relatively small, therefore we consider 7' = 0 in the constitutive equation of Box I.

The pressure applied on the panel consists of a mean pressure and a temporally and spatially varying acoustic part.
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Fig. 4 Panel structure subjected to thermo-mechanical loading: a) mesh of the panel; b) temperature distribution over
the panel; ¢c) mean pressure and d) total pressure at time (0.01s. Data was published in Ref.[32].

The mean pressure is obtained from a steady state CFD calculation using Reynolds-Averaged Navier-Stokes (RANS)
equations for flow on a rigid panel (see Ref. [3X] for details) as shown in Fig. B (c). The acoustic part is the turbulent
boundary layer (TBL) pressure on the panel, approximated using a series of random cosine functions to generate
the spatial and temporal distributions. The number of cosine functions and magnitude of each cosine function are
estimated from the work of Spottswood et al. [B], while frequency are randomly chosen between 1 and 500 Hz. This
total pressure profile obtained by the summation of the steady state pressure and the acoustic part is shown in Fig. &

(d), and is consistent with the reported numerical and experimental results in Refs. [, 39].

B. Structural scale response investigation: effects of temperature

To understand the effect of temperature on the response of the panel (Fig. B (a)), we consider both uniform (case
1) and spatially varying (case 1) temperatures. In case 1, the temperature of the structure is 473.15 K everywhere,
while in case 2, the temperature profile shown in Fig. B (b) is used. To promote the plastic deformation, a factor of 5 is

multiplied to the pressure profile for this panel without bolt holes.
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Fig.5 Comparison between cases 1 (left) and 2 (right): a) von Mises stress; b) maximum dislocation density discrepancy.
Data was published in Ref.[32].

Joseph et al. [42, &3] observed that there are intense dislocation pile-ups at the grain boundaries slightly underneath
the crack nucleation surface of fatigued Ti-6242S using transmission electron microscopy. This observation leads to
the proposal of using the maximum dislocation density discrepancy (MD?) between neighboring grains as a fatigue
indicator parameter (FIP) for Ti-6242 [8, 44]. This FIP finds the maximum sessile dislocation density discrepancy
across all grain pairs within the microstructure, Apior max following the procedures in Ref. [2]].

We track both macroscale and the microstructure response (i.e., one uniform response per grain in the current
EHM) associated with each structural scale integration point, and compare the von-Mises stress and the maximum
dislocation density discrepancy in Fig. B between cases 1 and 2. The stress comparison in Fig. B shows that the primary
stress concentration region is close to the constrained edge, with several additional (secondary) stress concentration
regions within the panel. In the secondary concentration regions in the panel, case 1 has slightly larger stress. While
case 1 has much higher temperature than case 2, the resulting stress in the two simulations are of similar magnitude.
When examining the maximum dislocation discrepancy, Apiot,max, in the concentration region in the panel in Fig. B, it
is observed that case 2 has an Ap,max value 5.7% higher than that in case 1. This suggests that the spatial variation

in temperature gradients promotes the fatigue initiation at the microscale. While current experimental investigation of
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Fig. 6 Response of the bolted panel: a) von Mises stress; and b) maximum dislocation density discrepancy at the end of
the simulation using the original (left) and rotated (right) texture; histogram of the microscale stress c) and total dislocation
density d) associated with the elements around the middle hole. Data was published in Ref.[32].

the panel response has not yet gone down to the subgrain level, it has been demonstrated that the presence of thermal
gradients will shift the boundary layer transient, alter the panel response [23] and facilitate the plate buckling [26]. The

promotion of fatigue initiation by thermal gradient has also been reported for nickel-based alloy [, &R].

C. Local response investigation and fatigue initiation site prediction: effect of texture

We further investigate the behavior in the areas of localized stress concentrations by moving to the panel with
bolt holes and constrain the displacements of all nodes on the inner faces of the bolt holes to introduce localization.
In addition to the original texture, we also investigate a case with a rotated texture, by reorienting the dominant
c-axis direction from along the panel length direction to along the width direction to study the impact of texture on
fatigue initiation. We note that it is also possible to have different regions of the panel to have different textures or

microstructures resulting from different manufacturing processes, such that high stress, strain and fatigue initiation
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locations can be altered and achieve different fatigue life [28].

The von-Mises stress and maximum dislocation discrepancy around the holes are shown in Fig. B (a)-(b). The stress
and the maximum dislocation discrepancy all show higher values around the bolt holes. The macroscale response
measures such as stress show are very close between the two textures. However, for microscale response such as
Apior,max show significant differences. This result demonstrates the presence of localized phenomenon, which are
undetectable by homogenized measures.

To better probe the local response, we focus on a square region (2.54cm X 2.54 cm) around the center bolt hole
(Fig. @ (a)). This region contains 576 elements, hence the response of 83,520 grains are tracked. The histograms of
stress and dislocation density in each grain are plotted in Fig. B (c)-(d). Since the histograms have very long tails, the
values beyond a certain magnitude are grouped into the last bin for better visualization.

It is again clearly shown in Fig. [ that while the von Mises stress distributions are close between the original and
rotated texture, the p(,; have more significant differences, especially at the tail. For example, in the rotated texture case,
there are only four grains that have pyo higher than 1.8 um~2. In contrast, there are more than twenty grains that above
Pror higher than 2.0 um~2 in the original texture case. Sine fatigue damage initiation is dictated by extreme values at
the microstructure scale, this difference suggests that texture could play an important role in fatigue initiation.

Figure [1 (a) shows the same grain pair exhibits the largest py in both texture cases, and Figure @@ (b) shows the
corresponding structural locations in the panel which are different. The locations of the most critical points in the
original and rotated texture cases are very close to each other, and close to the hole as shown in Fig. [ (b). The magnitude
in the original texture case is approximately 50% higher than that of the rotated texture. It has been recognized both
computationally and experimentally that texture has a significant role on the plastic response, and it is possible to use
small clusters of similar crystal orientations, called micro-textured regions (MTR) or macrozones to change the fatigue
sensitivities in titanium alloys [49, B0]. EHM could be potentially used to spatially design those MTR to improve
the fatigue resistance of a given structural component. The orientations of this grain pair, are represented using two
hexagonal prisms as shown in Fig. [ (c), where the normal to the base of the prism is the c-axis of the grain. This
example demonstrates the capability of EHM predicting failure initiation at a structural material point, by tracking the

most critical grain pair inside the microstructure associated with that structural location.

V. Summary
This manuscript presented a multiscale reduced-order homogenization model for titanium structures subjected to
thermo-mechanical loading associated with high-speed flight, which concurrently track the structural and underlying
microscale response, enabling microstructure-informed fatigue damage initiation prediction. This development is an
extension of the EHM model by incorporating thermal strains at the microscale, and accounts for temperature dependent

material properties and evolution laws. The developed model was fully calibrated and can accurately capture the stress-
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Fig. 7 Effects of the texture on fatigue initiation site suggested by Apior,max: location of a) critical grain pair; b) critical
structural location; c) orientations of the critical grain pair for the original and rotated texture. Data was published in
Ref.[32]

strain response of titanium materials under uniaxial tension across a wide range of temperature and strain rates. A
generic airplane skin panel subjected to thermo-mechanical loading associate with high-speed flight was then analyzed
using the calibrated model to evaluate its response. The model demonstrates its capability for determining potential

structural scale fatigue initiation sites, and pinpointing the initiation sites within the underlying microstructure.
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