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Abstract

A multiphysics process—structure—property—performance (PSPP) framework was developed for additive
friction stir deposition (AFSD) repair of AA7050 aluminum alloy. The framework integrates sequentially
coupled models for thermal-fluid dynamics, microstructure evolution, heterogeneous mechanical properties,
and fatigue performance, enabling prediction of the complex thermal, metallurgical, and mechanical
phenomena governing the AFSD process. The PSPP framework was validated using AFSD hole-repair
experiments conducted at a tool rotational speed of 350 RPM. Good agreement was achieved between
model predictions and experimental measurements of temperature history, material flow, microstructural
evolution, formation of distinct material zones, and fatigue crack initiation behavior. The validated framework
was subsequently applied to investigate the effect of tool rotational speed on precipitate evolution and fatigue
performance. Simulations were performed at rotational speeds of 235, 250, and 350 RPM. The results
showed that increasing rotational speed increased thermal exposure, resulting in enhanced precipitate
dissolution and coarsening, reduced resistance to dislocation motion, and higher fatigue indicator parameter
(FIP) values. Consequently, the predicted fatigue crack initiation life decreased from approximately 19,800
cycles at 235 RPM to 10,800 cycles at 350 RPM. The superior fatigue performance at 235 RPM was
attributed to the retention of fine strengthening precipitates and the associated increase in slip resistance.
These results demonstrate the critical role of process-induced precipitate evolution in controlling the fatigue
performance of AFSD-repaired AA7050 structures. The proposed PSPP framework provides a physics-
based tool for process optimization and tailoring, enabling rapid selection of processing conditions that
maximize fatigue performance while minimizing process-induced defects.

Keywords: keywords Aluminum alloy, hole repair, additive friction stir deposition, process-structure-property-
performance (PSPP), fatigue life

1. Introduction

High-strength 7xxx-series aluminum alloys, such as AA7050, are widely used in aerospace
structures because of their high specific strength, fracture toughness, and fatigue resistance.
Components fabricated from these alloys are frequently exposed to cyclic loading, corrosive
environments, and accidental damage during service, which can lead to crack initiation, material
loss, and structural degradation. Corrosion maintenance and control are major contributors to
sustainment costs and reduced fleet availability. In particular, damage to fastener holes in AA7050
structures presents a significant challenge to aircraft longevity, and conventional bushing methods
for repairing oversized holes are often inadequate because they do not provide metallurgical
bonding. Replacing damaged components can be difficult or impractical due to system complexity,
limited material availability, and legacy design constraints. Even when replacement parts are
available, the downtime associated with component removal, replacement, and recertification can
adversely affect aircraft availability and mission readiness [1].

Repairs can generally be classified as either cosmetic or structural. Cosmetic repairs focus
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primarily on restoring the original geometry, whereas structural repairs must restore both the
geometry and the mechanical performance of the component. The quality and effectiveness of a
structural repair depend on several factors, including the properties of the deposited material, the
metallurgical integrity and strength of the interface between the repair material and the substrate,
the extent of microstructural and mechanical property changes in the surrounding base material,
and the dimensional accuracy of the repaired region relative to the original component geometry
[2,3].

Structural repair methods based on either fusion-based or solid-state processing aim to restore the
original geometry while achieving the required post-repair mechanical performance. Unlike
conventional fusion-based additive manufacturing (AM) processes [4,5], additive friction stir
deposition (AFSD) does not involve melting and solidification of the material. Consequently,
defects commonly associated with fusion-based processes, such as lack of fusion, solidification
cracking, porosity, keyholing, and high residual stresses, can be significantly reduced or
eliminated. AFSD combines the friction stir principle with a material-feeding mechanism to enable
location-specific material deposition for structural repair, producing strong metallurgical bonding
and fine equiaxed microstructures within the stir zone [6—8]. Additional benefits of AFSD arise from
the severe plastic deformation and elevated temperatures experienced during deposition, which
promote dynamic recrystallization and typically result in refined microstructures with wrought-like
mechanical properties [9]. Furthermore, strong metallurgical bonding can be established between
the deposited material and the substrate, eliminating the weak interfaces often associated with
conventional repair methods. Recent studies have demonstrated the capability of AFSD to produce
deposited aerospace aluminum alloys with wrought-like properties [10] and to successfully repair
defects such as linear grooves [11] and through-holes [12].

The mechanical performance of AFSD-repaired components is strongly influenced by the
distribution of process-induced defects and the microstructure-dependent constitutive behavior of
the repaired material. Because AA7050 is a precipitation-hardened aluminum alloy, the rapid
thermal cycles experienced during AFSD can lead to the dissolution, reprecipitation, and
coarsening of strengthening precipitates. The evolution of the microstructure through the
precipitation sequence, supersaturated solid solution (SSS) — GP zones — n' — n, plays a critical
role in determining the yield strength, ductility, and fatigue performance of the repaired material
[13,14].

From a fatigue-performance perspective, the most influential microstructural feature is not grain
refinement alone, but rather the evolution of the strengthening n’ precipitates and grain-boundary n
precipitates. Excessive heat input during AFSD can promote the dissolution of n' precipitates and
the coarsening of grain-boundary n precipitates, reducing resistance to dislocation motion and
increasing cyclic plastic deformation. Consequently, fatigue damage accumulates more rapidly,
resulting in reduced crack initiation life. Thus, higher heat input may produce a finer recrystallized
grain structure while simultaneously degrading fatigue performance due to unfavorable precipitate
evolution.

Although AFSD offers significant flexibility for tailoring microstructure through the control of process
parameters, feedstock characteristics, and external thermal conditions during and after deposition,
identifying an optimal repair strategy through experimental trial-and-error remains costly and time-
consuming due to the high-dimensional process—microstructure—property-performance design
space. For a given damage configuration and performance requirement, it is therefore essential to
rapidly identify an operational process window and associated thermal boundary conditions that
minimize process-induced defects while achieving the desired mechanical performance.
Accomplishing this objective requires a validated virtual testing framework capable of capturing the
coupled thermal, mechanical, metallurgical, and microstructural phenomena that govern the
evolution of microstructure, material properties, and structural performance during AFSD repair.

To establish process—structure—property relationships for AFSD-repaired aluminum components,

several advanced modeling strategies have been developed. These include smooth particle

hydrodynamics (SPH), which can capture the large deformations, material flow, and local

thermomechanical histories that govern microstructural evolution and mechanical performance

[8,15]. Because AFSD shares many similarities with friction stir welding (FSW), computational solid
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mechanics approaches that do not explicitly account for material flow have also been incorporated
into process—structure—property integrated computational materials engineering (ICME)
frameworks to predict the mechanical properties of AFSD-repaired AA7050 components [16].

However, the large material flow inherent to AFSD plays a critical role in determining stir-zone
geometry, material mixing, interfacial bonding quality, and defect formation. Consequently, high-
fidelity AFSD process simulations must explicitly account for severe plastic deformation and
material transport to accurately capture the thermal and mechanical histories that govern
microstructural evolution and repair performance.

While SPH is well suited for modeling large material deformation without mesh distortion, its
application to realistic AFSD repair scenarios remains computationally expensive because of the
large number of particles required, small stable time increments, and the use of explicit time
integration. Alternatively, computational fluid dynamics (CFD) approaches can efficiently simulate
material flow, large deformation, temperature evolution, and strain-rate distributions at a
significantly lower computational cost [17]. Although the contact pressure predicted by CFD-based
AFSD models is generally less accurate than that obtained from SPH simulations, the associated
frictional heat generation can be improved through calibration of the contact pressure and frictional
traction. Furthermore, as an inherently Eulerian formulation, CFD eliminates mesh distortion and
convergence issues associated with severe deformation, making it particularly attractive for
process optimization and parametric studies involving multiple design variables.

Despite substantial progress in modeling friction-stir-based processes, including process
simulation, microstructural evolution, and property prediction, the capability to establish a
comprehensive process—structure—property—performance (PSPP) framework for the optimization
and tailoring of AFSD-based repair and fabrication of AA7050 components remains limited. This
limitation stems primarily from the strongly coupled multiphysics and multiscale nature of the AFSD
process, which links thermal history, material flow, dynamic recrystallization, precipitation
evolution, heterogeneous mechanical properties, and ultimately fatigue performance. As a result,
accurate prediction of repair quality and structural performance requires an integrated modeling
framework capable of capturing the complex interactions among process conditions, microstructure
evolution, material properties, and fatigue behavior.

In this work, a multiphysics modeling framework is developed to establish the process—structure—
property—performance (PSPP) linkage for AFSD-repaired aluminum components. The physics-
based framework captures the key coupled phenomena governing repair performance, including
material flow, plastic deformation, dynamic recrystallization, thermal history, precipitation
dissolution and coarsening, formation of distinct material zones, and fatigue crack initiation and
propagation.

The integrated PSPP framework sequentially couples a CFD-based process model for predicting
temperature, material flow, and strain-rate fields; microstructure evolution models for characterizing
dynamic recrystallization, grain structure evolution, and precipitate kinetics; a representative
volume element (RVE)-based crystal plasticity model for determining local mechanical properties
and fatigue indicator parameters (FIPs); and a fatigue performance model for predicting crack
initiation and crack growth life. Together, these solution modules establish a quantitative linkage
between AFSD process parameters, microstructural evolution, and structural performance.

The predictive capability of the PSPP framework is first validated through comparisons between
model predictions and experimental measurements obtained from AFSD-repaired AA7050 hole
coupons fabricated at a tool rotational speed of 350 RPM. The validated framework is
subsequently applied to investigate the influence of tool rotational speed on precipitate evolution
and fatigue performance and to identify process conditions that maximize fatigue crack initiation
life. The results demonstrate the capability of the PSPP approach to enable physics-informed
optimization of AFSD repair parameters and provide a foundation for future digital engineering-
enabled design, qualification, and manufacturing of high-performance aluminum components.

2. Process-Structure-Property-Performance (PSPP) Methodology
2.1 Overview
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In this study, we developed an integrated process—structure—property—performance (PSPP)
modeling framework shown in Figure 1 for additive friction stir deposition (AFSD) repair of aluminum
alloy 7050. As shown in Figure 1, the PSPP toolkit for AFSD repair and fabrication analysis consists

Process Micro-Structure Property Performance

Grain and Precipitate Structure Zone Partition and Static and Fatigue
Property Assignment Analysis

$ -—
| o S = D |+!‘

Thermal Measurement EBSD and TEM Hardness Mapping Fatigue Test

Hole Wall Repaired Face
-

Figure 1 — PSPP modeling framework for establishing the process-structure-property-performance
relationships in AFSD hole repair.

of: (1) a high-fidelity computational fluid dynamics (CFD)-based process model that captures
thermal response, plastic flow, material mixing, and tool-workpiece interactions; (2) a microstructure
evolution and multi-stage precipitation model that predicts grain size and precipitate distributions
based on the thermal history and material flow behavior; (3) a digital constitutive model based on
crystal plasticity that generates local stress—strain relationships for the dynamically recrystallized
zone (DRXZ), thermo-mechanically affected zone (TMAZ), heat-affected zone (HAZ), and base
material (BM) from the heterogeneous microstructure; (4) a customized Abaqus-based performance
evaluation model incorporating zone mapping, bond interfaces, and initial flaws at stress
concentration sites for crack propagation prediction; and (5) a total-life prediction model that
captures microstructure-driven crack initiation using fatigue indicator parameters (FIPSs).

2.2 CFD-based Process Modeling for Thermal and Material Flow Prediction

We implemented a CFD-based process model for AFSD through customization of the Star-CCM+
software. In this approach, the material is treated as a non-Newtonian viscoplastic fluid, while
elastic and strain-hardening effects are neglected. The temperature and velocity fields are solved
using computational fluid dynamics (CFD) methods. The normal pressure and frictional forces at
the tool-workpiece interface are calibrated to accurately predict heat generation during the
process. A key advantage of the CFD approach is its Eulerian formulation, which eliminates mesh
distortion and convergence issues associated with severe material deformation. As a result, CFD
models are computationally efficient and robust for simulating AFSD processes. The Volume of
Fluid (VOF) method is employed to track material feeding, deposition, and spreading.

As shown in Figure 2, the Navier-Stokes (NS) equations governing the conservation of mass,
momentum, and energy are solved, where v is the velocity, p is the density, p is the pressure, ris
the viscous stress tensor, ¢, is the specific heat, T is the temperature, Kk is the thermal conductivity,
S.is is the heat generation due to plastic deformation, and t is time. The viscoplastic constitutive
behavior is incorporated into the viscous stress tensor, 7, as illustrated in Figure 2. The flow stress
(o7) is modeled as a function of temperature and strain rate, while strain-hardening effects are
neglected. This assumption is based on the large plastic strains experienced during AFSD, under
which the influence of accumulated strain on the flow stress is considered secondary compared

with the effects of temperature and strain rate.
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Figure 2 — Summary of key components used in CFD-based process model for multidomain AFSD
simulation.

A significant amount of effort was devoted to defining the boundary conditions at the interface
between the steel tool and the aluminum alloy workpiece. It is assumed that the workpiece material
can exist in either a sticking or sliding state. In the sticking state, the workpiece moves at the same
velocity as the tool (vy,=Vieel). In the sliding state, the workpiece moves at a lower velocity than the
tool (Vwp<Viwo). TO achieve more accurate predictions during the transient stage of the repair
process, the Volume of Fluid (VOF) method was employed to track material feeding and the
evolution of the material—air interface. The VOF method uses a scalar volume fraction function, a, to
distinguish between the viscoplastic metal and air phases. The VOF function is governed by the
advection equation shown in Figure 2, where a = 0 represents the air phase and a = 7 represents
the metal phase. It should be noted that the air phase is treated as a dummy phase in the CFD
calculations. Its sole purpose is to track the flow of feedstock material into the repair region and its
spreading across the tool surface. The governing equations and constitutive relationships described
previously are applied only in regions where a = 1, while air properties are assigned to regions
where a = 0.

As illustrated in Figure 1, material is extruded from the feed rod, spread across the tool surface, and
deposited onto the substrate. Initially, contact between the tool shoulder and the workpiece is
characterized by a sliding condition. As the temperature increases and the material softens, a
sticking condition is gradually established, causing the deposited material to rotate with the tool and
enhancing material transport and mixing within the deposition zone.

2.3 Process-Structure Linking and Microstructure Modeling

The integration of process modeling with microstructure modeling through Lagrangian particle
tracking (LPT) is an essential approach to understanding the evolution of materials during the
AFSD processes. CFD simulations provide Eulerian field data, such as velocity, temperature, and
strain rate. However, the microstructure evolution is associated with each material point described
by the Lagrangian method. As shown in Figure 1, The LPT method allows us to simulate the
trajectories of discrete particles as they move through the fluid, responding to the AFSD processing
conditions. By leveraging the velocity information obtained from CFD simulations, we can calculate
the new positions of these particles over time, effectively mapping their motions through the
processing environment. Furthermore, using the strain rate data, we can deduce how particles
deform and experience strain as they interact with the fluid flow. The implemented numerical
solution procedure includes 1) initialization of the individual particles’ locations in the area of
interests at time of t=0; 2) interpolation and mapping the data such as velocity, strain rate, and
temperature obtained from the CFD simulation at t=t+A4t; 3) calculation of the new positions of the
particles using X,.., = X,iq +V dt; 4) determination of the corresponding strain for each particle
using € = € + £€dt; and 5) repetition of Step 2 to 4 to track the particles for the entire AFSD
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process over time.

2.4 Microstructure Evolution and Property Prediction

The outputs from the process model are the temperature and strain-rate fields as functions of time,
(T(x,y,z,t)) and é&(x,y,zt)). These thermo-mechanical fields are used to predict grain and
precipitate evolution during the AFSD process. The primary mechanism governing grain evolution
is dynamic recrystallization (DRX). A physics-based modeling framework was developed to
describe the grain refinement process. Continuous dynamic recrystallization (CDRX) refers to the
process in which dislocations actively migrate during severe plastic deformation at elevated
temperatures. The accumulation and rearrangement of dislocations promote the formation of
subgrains, which gradually evolve into new fine grains that replace the original coarse grains.
Geometric dynamic recrystallization (GDRX) occurs when grain deformation becomes sufficiently
severe that elongated grains are pinched off, resulting in the formation of smaller recrystallized
grains. To capture this mechanism, the model computes the distance between grain boundaries,
(Dgg), and the subgrain size, (Dsg). When (Dgg) becomes smaller than (Dsg), the subgrains
separate from the elongated grains, indicating the onset of GDRX. This process leads to significant
grain refinement within the dynamically recrystallized zone. By combining the effects of CDRX and
GDRX, the model predicts the evolution of grain size and morphology as functions of the local
thermal and deformation histories experienced during the AFSD process.

A precipitate evolution model based on the Kampmann-Wagner Numerical (KWN) framework was
developed using a thermodynamic description of homogeneous precipitation, as described in [18].
The model takes as input the alloy chemical composition, the diffusion coefficients of the solute
elements in the matrix, and the thermodynamic and compositional information of the precipitate
phases. Using these inputs, the model predicts the nucleation, growth, coarsening, and dissolution
of precipitates during the thermal cycles experienced in the AFSD process. The primary outputs of
the model are the precipitate size distribution, average precipitate radius, and precipitate volume
fraction as functions of time and temperature. These predictions provide critical information for
evaluating the evolution of microstructure and its influence on the local mechanical properties of
the deposited material.

After determining the microstructure across the AFSD-repaired regions based on the CFD-
predicted temperature and strain-rate fields, a physics-based crystal plasticity constitutive model
was developed to incorporate the effects of key microstructural features, including grain size,
precipitate size and volume fraction, and dislocation density, following the framework described in
[19]. Digital constitutive properties are generated for each distinct microstructural zone formed
during the AFSD process. These zones include: (1) the dynamically recrystallized zone (DRXZ),
where severe plastic deformation induced by the AFSD tool results in the formation of fine,
equiaxed recrystallized grains; (2) the thermo-mechanically affected zone (TMAZ), where
significant plastic deformation produces a high dislocation density and alters the microstructure
without complete recrystallization; (3) the heat-affected zone (HAZ), where little or no plastic
deformation occurs, but thermal exposure leads to precipitate coarsening and overaging; and (4)
the base material (BM), which retains its original microstructure and mechanical properties. The
crystal plasticity model utilizes the predicted microstructural attributes within each zone to establish
local stress—strain relationships, thereby providing a direct linkage between process-induced
microstructural evolution and the resulting mechanical behavior of the repaired structure.

2.5 Performance Modeling Based on Damage Initiation and Crack Propagation

A multi-stage fatigue life (MSF) model was developed based on the framework proposed by
McDowell [20] to incorporate the effects of microstructural features on the fatigue behavior of
AFSD-repaired AlI7050. The fatigue life can be divided into three distinct stages: fatigue crack
initiation (incubation), small-crack growth, and long-crack growth. The MSF model treats each
stage as a separate damage regime and sums their individual contributions to determine the total
fatigue life. The fatigue crack initiation life is predicted using fatigue indicator parameters (FIPs)
obtained from crystal plasticity finite element simulations of a representative volume element
(RVE). The FIPs are based on microstructure-sensitive quantities such as accumulated plastic slip
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and/or accumulated energy dissipation, which are directly related to the local deformation
mechanisms responsible for fatigue damage initiation. The small-crack growth stage is modeled
using a crack-tip-opening-displacement (CTOD)-based approach to capture the influence of
microstructural barriers and local plasticity on crack propagation. Once the crack reaches a
sufficient size for continuum fracture mechanics assumptions to become valid, the long-crack
growth stage is modeled using Paris’ law within the framework of linear elastic fracture mechanics
(LEFM). To predict the fatigue crack growth life and crack propagation path in AFSD-repaired
structures, we utilized XFA3D, an add-on toolkit for ABAQUS [21, 22], which is based on the three-
dimensional extended finite element method (3D XFEM). The XFEM approach enables crack
initiation and propagation to be modeled independently of the finite element mesh, thereby allowing
efficient simulation of complex crack-growth behavior without the need for repeated remeshing.

3. PSPP Tool Validation for AFSD Hole Repair Simulation at 350 RPM
3.1 Problem Description

As shown in Figure 3, the feed rod and print head rotate simultaneously at high speed to enable
rapid heating and severe plastic deformation of the metallic feedstock. Frictional heating occurs
when the feed material comes into contact with the substrate, causing the material to soften and
flow under the combined compressive and shear forces imposed by the feeding system and rotating
print head.

AFSD-based H
Repair Strategy

Fabrication
of Fatigue =8
Coupons o )

As-Repaired
Specimen
Repaired Coupons after Machining

Figure 3 — Experimental setup for AFSD-based hole repair and fabrication of repaired coupons for
performance evaluation.

During the deposition process, not only does the feed material undergo significant plastic
deformation, but the surface layers of the substrate also plastically deform and mix with the
deposited material, resulting in a strong metallurgical bond. With this deformation-assisted
interfacial bonding, the in-plane motion of the print head can be controlled through the G-code to
deposit material in an arbitrary pattern within a given layer. The tool path and feed rate are carefully
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controlled to ensure complete filling of the oversized hole with AA7050 material. Figure 3 illustrates
the AFSD process used to fully repair an oversized hole with a diameter of 7.94 mm in a 6.35-mm-
thick AA7050 plate, along with an image of the top surface of an as-filled coupon. Following
deposition, the excess material was removed by machining, and a hole with the original diameter of
6.35 mm was subsequently drilled at the center of the repaired region. Fatigue tests were conducted
on the repaired coupons under fully reversed loading conditions with a load ratio, R, of =1, as shown
in Figure 4.

Hydraulic Grips

AFSD Repair
Coupon

Optical
Microscope

v

Hydraulic Grips \ «
Figure 4 — Fatigue setup for performance evaluation of AFSD hole-repaired coupons.

The repair quality and fatigue performance are strongly governed by the AFSD processing
conditions, including print head rotational speed, material feed rate, dwell time, and print path. To
investigate the dominant effects of tool rotational speed, hole-repair coupons were fabricated using
low, high, and optimized RPM setpoints, followed by fatigue testing to examine the influence of print
head rotational speed on the failure mechanisms and cycles to failure (CTF). A schematic illustration
is provided to demonstrate the repair-quality-dependent failure mechanisms. At low RPM,
insufficient penetration, material mixing, and metallurgical bonding through the thickness of the hole
can result in incomplete filling of the repair region, leading to reduced fatigue life. At high RPM
values beyond the optimum condition, excessive heat input can dissolve fine strengthening
precipitates and promote the formation of coarser precipitates during cooling. This microstructural
degradation reduces the yield strength, lowers the resistance to cyclic deformation, and accelerates
fatigue crack initiation.

Lower RPM (L-RPM)
Underfilling defects

Cycles to Failure (CTF)

Optimized RPM (O-RPM)
Pristine machined surface

r'y
17K e
el b
8K \
\
\
6K \
b g

——T—T> RPM

L-RPM O-RPM H-RPM Higher RPM (H-RPM)

Repair ‘Bowl Failure’
Figure 5 — Schematic illustration of the effects of tool rotational speed on failure mode, repair feature
filling, and fatigue life.
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As shown in Figure 5, a normal failure mode is observed for specimens repaired at the optimized
RPM, where fatigue cracks initiate and propagate from approximately the 3 o'clock and 9 o'clock
positions of the hole. In contrast, an irregular failure mode is observed at high RPM, driven by
delamination along the thermally degraded metallurgical interface within the repaired region. This
observation further motivates the use of the PSPP framework for process tailoring and optimization
to improve the fatigue performance of AFSD-repaired hole coupons.

Given the strong temperature dependence of microstructural evolution and the resulting property
gradients between the stir zone and the base material, thermocouples were installed in hole-repair
coupons fabricated at a high tool rotational speed to collect in-situ temperature data for validation
of the thermal-CFD process model. In addition, optical microscopy and EBSD characterization
were performed to identify the distinct material zones and their associated microstructures, which
were subsequently used to validate the microstructural evolution model predictions. For AFSD-
repaired AA7050 hole coupons, a significant portion of the fatigue life is spent in the
microstructurally short-crack and physically short-crack growth regimes. Therefore, it is essential to
employ a microstructure-based fatigue indicator parameter (FIP) to predict the crack initiation life,
which is estimated to account for approximately 80% of the total fatigue life. Accurate prediction of
crack initiation is particularly important because local microstructural features, residual stresses,
and cyclic plastic deformation strongly influence the nucleation and early growth of fatigue cracks
within the repaired region.

All AFSD hole-repair experiments were conducted at Virginia Tech using their L3 MELD AFSD
system. In the following sections, validation studies are presented for each solution module at a
tool rotational speed of 350 RPM, including temperature prediction, microstructural evolution,
material property characterization, and fatigue performance. The validated PSPP framework is
then used to demonstrate process tailoring and optimization for improved repair performance.

3.2 Verification of CFD-Based Process Simulation Model

We first compare the temperature predictions from the process simulations with thermocouple
measurements obtained during the hole-repair process. An illustration of the experimental setup,
along with the locations of the thermocouples (TCs), is shown in Fig. 6. The test coupon consisted
of an AA7050 substrate measuring 76.2 mm x 152.4 mm x 6.35 mm with a centrally located hole of
7.94 mm diameter. The coupon was positioned on top of a large steel backing plate.

RPM 350

Figure 6 — AFSD hole-repair setup and thermocouple locations for AA7050 hole repair at 350 RPM.

Two stages were employed during the hole-filling process: (1) material deposition at the center of
the hole without tool-head traverse motion, and (2) sequential traverse movement of the tool head in
the +x (length), —x, +y (width), and -y directions over a prescribed distance while material
deposition continued. Based on the experimental configuration shown in Fig. 6, a CFD-based
process model was developed, as illustrated in Fig. 7, to predict the temperature field, material flow
behavior, and strain-rate distribution during the AFSD repair process. These process variables were
subsequently used as inputs to the microstructural evolution and material property models to
capture the process-dependent characteristics of the repaired region.
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Inlet
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Figure 7 — AFSD CFD model and imposed boundary conditions for simulation of the hole filling
process.

The simulation parameters were defined to match the experimental processing conditions. A time-
dependent inlet boundary condition was applied at the top surface of the feed material using the
prescribed feed-rate history, followed by sequential material deposition along the x- and y-directions
according to the tool path and traverse speed specified in the G-code. A stick—slip boundary
condition was enforced at the interface between the tool shoulder and the substrate, while full
sticking was assumed at the interface between the feed rod and the deposited material. A
comparison between the predicted and measured temperature histories for the 350 RPM case is
presented in Fig. 8, together with CFD predictions of the temperature evolution during the hole-filling
process. The model accurately captures the heating and cooling behavior observed in the
thermocouple measurements throughout the repair process. The good agreement between the
predicted and measured temperatures demonstrates the high fidelity of the CFD-based AFSD
process simulation model and provides confidence in its ability to predict the thermal conditions
governing microstructural evolution and material property development during hole repair.

—— Simulation
—e— Experiment|
50 100 150

Time (sec)

Figure 8 — Evolution of temperature and hole-filling behavior at the mid-plane cross section, and
comparison of predicted temperature histories with thermocouple measurements.

3.3 Verification of Microstructure Simulation Model

The temperature and strain-rate fields predicted by the CFD-based AFSD process
simulation model were used as inputs to the microstructure simulation module of the PSPP
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framework for the 350 RPM case. The predicted shapes of the dynamically recrystallized
zone (DXZ), thermo-mechanically affected zone (TMAZ), and heat-affected zone (HAZ) are
compared with optical microscopy (OM) observations in Fig. 9. The predicted grain-size
distribution and corresponding zone partitioning are shown in Fig. 9(a), while the optical
micrograph at the same scale is presented in Fig. 9(b). The boundary of the DXZ is
indicated by the green dashed line and was identified based on EBSD analysis, as shown in
Fig. 10. The remaining region in Fig. 9(b) is classified as the TMAZ due to the presence of
rotated and distorted subgrains resulting from severe plastic deformation during the AFSD
process. It can be seen that the predicted shapes and extents of the DXZ and TMAZ are in
good qualitative agreement with the OM observations. The comparison demonstrates that
the PSPP microstructure model is capable of capturing the spatial distribution of the major
microstructural zones formed during the hole-repair process and provides confidence in its
ability to predict process-dependent microstructural evolution.

Tool Surface

/ BT O | oo

TMAZ DG 2 5 8 11 14 17 19.99
(a)
TMAZ
(b)

Figure 9 — Comparison of material zones between (a) grain-evolution model predictions and (b)
optical microscopy (OM) observations.

Mixture Zone

Figure 10 — EBSD characterization of the distinct material zones with the AFSD hole-repair cross
section.

Quantitative agreement in the DXZ grain size has not yet been fully achieved. The predicted
average grain size in the simulation is 3.59 uym, whereas the grain size measured from OM
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and EBSD analyses ranges from approximately 4.7 um to 6.2 um. This discrepancy can be
attributed, in part, to the fact that the thermo-mechanical fields used to generate the grain-
size prediction in Fig. 9(a) do not explicitly account for material feeding and mixing during
the deposition process. In addition, the OM and EBSD observations reveal that the
microstructural zones within the repaired region are more complex than those represented
in the current model. Material within the DXZ may originate from the feed rod, the substrate,
or a mixture of both, resulting in local variations in deformation history, thermal exposure,
and recrystallization behavior. These material-source-dependent effects can influence grain
growth and microstructural evolution and are not fully captured by the present modeling
framework. Future improvements to the process simulation will incorporate material-tracking
capabilities to better represent feed rod/substrate mixing and further improve the accuracy
of grain-size predictions.

As shown in Fig. 10, the deposited zone exhibits a predominantly recrystallized
microstructure with a moderate fraction of low-angle grain boundaries (LAGBs). The mixed-
material region displays a grain boundary misorientation distribution that closely follows the
Mackenzie distribution, indicating a nearly fully recrystallized microstructure. In contrast, the
thermo-mechanically affected zone (TMAZ) retains characteristics of the original rolling
texture, including elongated grains aligned with the rolling direction. However, evidence of
subgrain rotation and the formation of finer banded grains can be observed within this
region, indicating that significant plastic deformation and partial microstructural
transformation have occurred during the AFSD repair process. These observations suggest
that the TMAZ experienced sufficient strain and thermal exposure to promote recovery and
localized recrystallization, but not to the extent observed in the deposited and mixed-
material regions.

3.4 Precipitate Evolution Prediction for AFSD-Repaired Coupons

Since the primary strengthening mechanism in AA7050 is precipitation hardening, the evolution of
precipitates plays a critical role in determining the mechanical performance of the repaired
material. The typical precipitation sequence in 7xxx-series aluminum alloys follows:

Supersaturated Solid Solution (SSS) — GP Zones — Metastable n' — Stable n

The temperature-history-driven evolution of precipitate size, number density, and volume fraction
are the key factors governing the strengthening response of the alloy. To capture these effects, a
multi-stage precipitation model was implemented within the PSPP framework to predict
precipitation evolution during the AFSD hole-repair process. During the initial heating stage, fine n
precipitates dissolve as they lose thermodynamic stability at elevated temperatures, resulting in a
reduction in the volume fraction of n precipitates. During the subsequent cooling stage,
heterogeneous nucleation of n precipitates can occur, and as the temperature decreases below
approximately 250°C, GP zones begin to form. During the final natural aging stage, the metastable
n' precipitates nucleate and grow, contributing significantly to the recovery of strength and
hardness in the repaired region. Using the thermal history predicted by the CFD-based process
model for the 350 RPM case, as shown in Fig. 8, the precipitation model was employed to predict
the evolution of precipitate volume fraction and average precipitate radius throughout the repair
process. The predicted precipitation evolution is presented in Fig. 11. These results provide the
microstructural information required for subsequent material property predictions, including
hardness, yield strength, and fatigue performance.

The simulation results indicate that, at the high tool rotational speed of 350 RPM, a portion of the n
precipitates dissolves while the remaining precipitates undergo coarsening due to the elevated
thermal exposure. The metastable n' precipitates experience extensive dissolution during the initial
high-temperature stage of the repair process. However, following cooling, fine n' precipitates re-
form and grow during the subsequent natural aging stage. Similarly, the GP zones are completely
dissolved during material deposition as a result of the elevated temperatures generated by the
AFSD process. As the repaired region cools and undergoes natural aging, GP zones re-nucleate
and grow, contributing to the recovery of precipitation strengthening. These results demonstrate
14
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the strong influence of the thermal history on precipitation evolution and highlight the importance of
accurately predicting temperature fields when assessing the mechanical performance of AFSD-
repaired AA7050 components.
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Figure 11 — Predicted evolution of precipitates at a tool rotational speed of 350 RPM: (a) volume
fraction and (b) average radius of grain-boundary n precipitates, and (c) volume fraction and (d)
average radius of GP zones, as functions of the thermal history during the AFSD hole-repair
process.

3.3 Material Property Prediction Using RVE-Based Crystal Plasticity

The microstructural features predicted by the grain-kinetics and precipitation models were
incorporated into representative volume elements (RVES) for crystal plasticity (CP) modeling, as
shown in Fig. 12(a). For example, the RVE representing the dynamically recrystallized zone (DXZ2)
consists of fine equiaxed grains, whereas the RVEs for the thermo-mechanically affected zone
(TMAZ), heat-affected zone (HAZ), and base material retain elongated grain morphologies
characteristic of the original rolled microstructure.

The constitutive behavior of each material zone was obtained by performing crystal
plasticity simulations on the corresponding RVESs, as illustrated in Fig. 12(b). The resulting
stress—strain responses capture the effects of local grain morphology and precipitation state
on the mechanical behavior of the repaired material. The predicted stress—strain curves for
the different material zones were subsequently assigned to the corresponding partitioned
regions in the finite element models of the tensile and fatigue test coupons. These zone-
specific constitutive properties enable performance predictions that account for the

—AFSD - HAZ
—AFSD -TMAZ
—AFSD - DXZ

0.02 0.04 0.06 0.08 0.1
Strain

Figure 12 — Representative volume element (RVE) models and corresponding crystal plasticity
predictions for the three material zones in the AFSD-repaired coupon: (a) RVE models and (b)
predicted stress—strain responses.

heterogeneous microstructure created during the AFSD repair process and provide the
15
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foundation for crack initiation and fatigue life assessments.

3.4 Performance Evaluation Based on Fatigue Indicator Parameter

We implemented a fatigue indicator parameter (FIP) as the critical link between the AFSD-
generated microstructure and fatigue crack initiation life. A transgranular form of the FIP, as defined
by Castelluccio and McDowell [23], was employed. The FIP is calculated based on the cyclic plastic
shear strain range on a given slip system and the peak normal stress acting on the corresponding
slip plane. The maximum FIP value among all grains and slip bands is then used to determine the
fatigue crack initiation life. At a high tool rotational speed of 350 RPM, the resulting changes in grain
size and precipitate distribution alter the local cyclic plastic deformation behavior. These
microstructural changes increase the maximum FIP value, leading to a reduction in crack initiation
life. A comparison between the predicted microstructure-driven crack initiation life and the fatigue
test results at a stress ratio of R = =1 is presented in Fig. 13 for the 6.35 mm (0.25 in.) AFSD-
repaired hole coupons fabricated at a tool rotational speed of 350 RPM.

14 1/4” Hole Repair Coupon
- N,
Base
Sz
TMAZ HAZ Metal
Precipitates | n at grain boundary GP zones in matrix N’ in matrix |
a Volume | Radius Volume Radius Volume Radius (nm)
350 RPM fraction (nm) fraction (nm) fraction
0.00855 37.10 0.0360 1.042 0.0388 2.0
Life Fatigue Indicator Parameter (FIP) Crack Initiation Life (Nj)
prediction
) 0.001612 10,800
350 RPM
Fatigue Test Data for % in Hole Repaired Coupons at R=-1
Specimen 1D Total Life
HR3.31.22.1 13.546
144,142 C3D8R
Elements HR5.31.22.2 9.894
HR5.31.22.6 8.867
HR6.4.22.1 9.267
Average Fatigue Life Test Data 10,394

Figure 13 —Summary of the response prediction model and comparison of predicted crack initiation
lives with R = —1 fatigue test data for 350 RPM AFSD hole-repaired coupons.

To perform the fatigue analysis, a three-dimensional finite element model was developed in
ABAQUS using the material-zone partitioning derived from the CFD-based AFSD process
simulation. Zone-specific elastoplastic constitutive properties generated from the crystal plasticity
simulations were assigned to the dynamically recrystallized/stir zone (SZ), thermo-mechanically
affected zone (TMAZ), and heat-affected zone (HAZ). Following the global structural response
analysis, local microstructure-sensitive analyses were performed to determine the FIP distribution
and the associated crack initiation life. The maximum predicted FIP value was 0.001612,
corresponding to a crack initiation life of 10,800 cycles. Despite the inherent scatter in the fatigue
test data, the predicted initiation life is in excellent agreement with the experimentally measured
average fatigue life of 10,394 cycles. This result demonstrates the capability of the PSPP framework
to establish a quantitative link between AFSD process conditions, microstructural evolution, and
fatigue performance, thereby enabling performance-informed process tailoring and optimization.

4. Process Tailoring of AFSD Hole Repair Using the PSPP Framework

After validation of the PSPP tool using a tool rotational speed of 350 RPM, we applied the analysis
framework to evaluate two additional tool rotational speeds, 235 RPM and 250 RPM, prior to
conducting hole-repair experiments under the analysis-informed process conditions. This study
aimed to investigate how variations in tool rotational speed influence the thermal characteristics of
the process, with particular emphasis on the peak temperatures achieved and the cooling time, both
of which are critical factors governing precipitate evolution and the resulting crack initiation life.
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Using the CFD-based process simulation model shown in Figure 7, simulations were performed for
the 235 RPM condition. The predicted temperature histories at three thermocouple locations are
compared with the experimental measurements in Figure 14. Good agreement between the model
predictions and the test data demonstrates the high fidelity and reliability of the PSPP framework in
capturing the spatial and temporal variations of the temperature field.
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Figure 14 — Comparison of CFD-predicted temperature histories with thermocouple measurements
for the constant 235 RPM condition.

At the lower rotational speed of 235 RPM, the material reached a lower peak temperature while still
remaining sufficiently high to achieve material plasticization and successful deposition. Compared
with the 350 RPM condition, the reduced peak temperatures resulted in a shorter cooling cycle and
lower thermal exposure following deposition. These changes in the thermal history significantly
affect the precipitation kinetics and microstructural evolution of the repaired material. By
understanding how tool rotational speed influences the thermal response, the PSPP framework
can be used to predict and tailor precipitate evolution, thereby optimizing the resulting
microstructure and improving crack initiation life.

Table 1 - Summary of the precipitate types, volume fractions, and radii for three RPMs

n at grain boundary | GP zones in matrix n'in matrix
recipitates
RPM Volume | Radius | Volume | Radius Volume Radius
fraction (nm) fraction (nm) fraction (nm)
235 RPMin L3 | 0.00347 | 27.46 0.0363 0.893 0.043 2nm
250 RPMin L3 | 0.00365 | 27.93 0.0363 0.894 0.043 2nm
350 RPMin L3 | 0.00416 | 29.17 0.0361 0.929 0.0392 2nm

To further validate the rationale for selecting a tool rotational speed of 235 RPM, an additional
process simulation and corresponding AFSD hole-repair experiment were conducted at 250 RPM.
The CFD-predicted thermal histories for the three rotational speeds (235, 250, and 350 RPM) were
subsequently used as inputs to the precipitation model. The resulting precipitate characteristics,
including precipitate type, volume fraction, and average radius, are compared in Table 1. This
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comparison provides insight into the influence of tool rotational speed on precipitate evolution and
the associated microstructural state of the repaired material.

At the higher rotational speed of 350 RPM, the microstructure exhibits a greater volume fraction
and larger size of overgrown precipitates along the grain boundaries. In contrast, the volume
fractions and sizes of the strengthening GP zones and n’' precipitates are reduced. Since GP zones
and n' precipitates provide significant resistance to dislocation motion and contribute substantially
to precipitation hardening, their reduction leads to a deterioration in mechanical performance. The
formation of coarse grain-boundary precipitates consumes a significant amount of Mg and Zn
solute atoms, leaving fewer solute atoms available for the nucleation and growth of the fine GP
zones and n' precipitates within the grains. Consequently, the 350 RPM condition is expected to
exhibit inferior material performance compared with the 250 RPM and 235 RPM conditions from a
precipitation-hardening perspective.

To further support this physical interpretation, two key microstructure-sensitive response
parameters predicted by the crystal plasticity-based constitutive model were examined: the
resolved resistance stress to dislocation motion, x,, and the fatigue indicator parameter (FIP). The
predicted distributions of these parameters for the different rotational speeds are presented in
Figure 15. A higher value of ¥, indicates greater resistance to plastic deformation due to stronger
precipitate strengthening, whereas a lower FIP corresponds to reduced local cyclic plasticity and
improved resistance to fatigue crack initiation. Together, these metrics provide quantitative
evidence linking precipitate evolution to the fatigue performance of the AFSD-repaired material.
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Figure 15 — Effects of tool rotational speed on microstructural properties: (a) resolved resistance
stress to dislocation motion, x,, and (b) fatigue indicator parameter (FIP).
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Figure 16 —Comparison of predicted crack initiation lives at three different tool rotational speeds.

Fatigue life for R=-1

Superior fatigue performance is expected at 235 RPM, as evidenced by the highest resolved
resistance stress for dislocation motion, xa, of 47.1 MPa and the lowest fatigue indicator parameter
(FIP) value of 0.0015. Based on the framework developed by Castelluccio and McDowell [23], the
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FIP serves as a local measure of cyclic fatigue damage accumulated within a grain. The fatigue
crack initiation life is inversely related to the magnitude of the maximum FIP, as illustrated in Figure
15. The predicted crack initiation lives corresponding to the three rotational speeds are presented
in Figure 16. The fatigue crack initiation life decreases from approximately 19,800 cycles at 235
RPM to 10,800 cycles at 350 RPM, representing a reduction of nearly 45%. This trend is consistent
with the precipitation-informed crystal plasticity predictions. As the rotational speed increases, the
higher thermal exposure promotes the dissolution and coarsening of strengthening n' precipitates,
reducing the resolved resistance stress for dislocation motion from approximately 47.1 MPa to 43.9
MPa. The lower slip resistance leads to increased cyclic plastic strain accumulation and a
corresponding increase in the maximum FIP from 1.51 x 1073 to 1.61 x 1073.

5. Summary and Conclusions

This study presents a multiphysics modeling framework to establish the process—structure—
property—performance (PSPP) relationship for AFSD-based solid-state repair of corroded fastener
holes in AA7050 coupons. The PSPP framework consists of a chain of sequentially coupled
models that predict the thermal-fluid dynamics of the AFSD process, microstructural evolution, the
resulting heterogeneous mechanical properties, and the corresponding fatigue performance. The
physics-based framework demonstrates the capability to capture the complex thermal,
metallurgical, and mechanical phenomena governing AFSD repair.

Each solution module within the PSPP framework was validated using experimental data obtained
from AFSD-repaired AA7050 hole coupons fabricated at a tool rotational speed of 350 RPM. The
validated framework was subsequently applied to identify process conditions that maximize fatigue
crack initiation life. The results showed that improved fatigue performance can be achieved by
tailoring the process window to provide sufficient heat input and plastic deformation for complete
bonding and defect-free deposition while minimizing excessive thermal exposure that promotes n’
precipitate dissolution and grain-boundary n coarsening. The optimized thermal-mechanical
condition increases resistance to cyclic plastic deformation, reduces the fatigue indicator
parameter (FIP), and consequently extends fatigue crack initiation life.

The developed PSPP framework can be readily extended from AFSD repair to AFSD-based
additive manufacturing through layerwise deposition. By integrating CFD-based process
simulation, microstructure evolution models, crystal plasticity, and fatigue performance prediction,
the framework enables quantitative assessment of the effects of deposition parameters, thermal
cycling, and layer interactions on the resulting microstructure, mechanical properties, and structural
performance. Such a capability provides a foundation for physics-informed process optimization
and digital engineering-enabled qualification of AFSD-manufactured components.

Future efforts will focus on extending the PSPP framework to the fabrication of large-scale
aluminum structures through AFSD. Physics-based machine learning surrogates and inverse-
design methodologies are currently being developed to accelerate PSPP predictions and enable
rapid identification of optimal fabrication plans and deposition strategies that satisfy specified
performance requirements. These capabilities will support performance-informed manufacturing
and digital engineering-enabled qualification of next-generation AFSD-fabricated aerospace
structures.
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