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Abstract

A smooth particle hydrodynamic (SPH) simulation of an additive friction stir deposition (AFSD) repair was used to inform
a multi-physics approach to predict the fatigue life of a high strength aluminum alloy. The AFSD process is a solid-state
layer-by-layer additive manufacturing approach in which a hollow tool containing feedstock is used to deposit material. While
an understanding of the evolving microstructures is necessary to predict material performance, the elevated temperatures
and strain rates associated with severe plastic deformation processes (SPDP) make accurate collection of experimental data
within AFSD difficult. Without the ability to experimentally determine material history within the AFSD process, an SPH
model was employed to predict the thermomechanical history. The SPH simulation of an AFSD repair was used to inform
several microstructural models to predict material history during and after processing with AFSD and a post-processing
heat treatment. These microstructure models are then used to inform a mechanistic microstructure and performance model

to predict the fatigue life of an AFSD repair in AA7075.

Keywords Additive Friction Stir Deposition - Smooth Particle Hydrodynamics - Aluminum - Additive Manufacturing

Multi-Scale Modeling - Fatigue - Repair

Introduction

Additive friction stir deposition (AFSD) is a solid-state,
friction-based, additive manufacturing process leveraging
severe plastic deformation to deposit material layer-by-
layer [1]. This is accomplished through feedstock mate-
rial in the form of a solid bar, stacked strips, or machine
chips being pushed through a hollow, rotating tool through
which material is softened from the frictional and plastic
heat generation at the tool face [2]. First, the hollow tool is
rotated against the substrate such that sufficient heat is built
up to deform the feedstock material, at which time the tool
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is raised to the desired layer height. Once at the desired layer
height, an actuator force is applied to the feedstock filling
in the gap between the tool and the substrate. Finally, the
G-code containing the deposition path is executed, deposit-
ing material in the desired geometry. In general, solid-state
processes operate below the melting temperature benefitting
from solid-state microstructures by avoiding solidification
effects [3]. This is significant for traditionally “non-weld-
able” alloys such as 6xxx and 7xxx series aluminums that
are subject to hot cracking [4]. As AFSD results in material
experiencing severe plastic deformation, significant grain
refinement occurs within the deposited material as a result of
dynamic recrystallization (DRX), providing a benefit from
the Hall-Petch relationship [5]. Grains are refined during
thermomechanical processing due to sufficient heating and
dislocation pileup, resulting in large grains re-nucleating
into multiple smaller grains with lower dislocation densities.
These smaller grains contain a greater overall grain bound-
ary (GB) area compared to their former state. The increased
GB area acts as a barrier to dislocation movement, causing
dislocations to repel each other as well as GBs, strengthen-
ing the material as the material resists the formation of new
dislocations [6].
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Fig. 1 a Schematic of an AFSD repair for crack repairs and b corro-
sion repairs

AFSD has shown to be a promising technology for repair
applications due to the solid-state nature of the process. The
use of filler material identical to the substrate reduces the
electrical potential differences, minimizing the likelihood of
galvanic corrosion [7]. Schematics of AFSD repair for cor-
rosion and mechanical damage are shown in Fig. 1.

The nature of repair is significantly different from that of
typical manufacturing, as its purpose is not to create a new
component, but rather return an existing one to a functioning
state [8]. To accomplish this, several considerations must be
made, such as if original performance is acceptable, if dif-
ferent maintenance and inspection schedules are required,
or if the repaired component will operate in an identical
capacity to the original component [9]. In order to make
these logistical decisions, an understanding and predictions
of part performance must be obtainable. Ideally, this is
accomplished through component repair, testing, and valida-
tion. While experimentation is critical to understating repair
performance, a simulated approach to performance predic-
tion can provide additional assessment tools that compliment
non-destructive evaluation (NDE) and mechanical testing.

AFSD Process Modeling
Several approaches exist to simulate the thermomechani-

cal history experienced during AFSD processing such as
the finite volume method employed by Kincaid et al. [10].

@ Springer

Another option for process modeling of AFSD is a smooth
particle hydrodynamics (SPH) approach. SPH is a colloca-
tion method in which the body being simulated is discretized
into points representing small “elements” of the domain,
similar to a finite element method (FEM). However, the
SPH points, unlike the FEM elements, are individually non-
deformable, are not tethered to a structured mesh, and are
related through a smoothing function. Any deformation cap-
tured using the SPH method is seen through the movement
of particles from their original geometry and an updated
neighbor list, rather than deformation of individual ele-
ments. This allows for the SPH method to be well suited to
simulating processes of significant plastic deformation such
as AFSD and FSW, in which the initial and final geometries
of the simulation greatly differ. The particle discretization
method makes SPH well suited to particle tracking and cap-
turing plastic strain and localized stress states [11]. FSW
is one example of a severe plastic deformation process to
employ SPH in a solid-state process model in work per-
formed by Fraser et al. [12]. Other applications of SPH in
solid mechanics include the modeling of the AFSD process
by Stubblefield et al. for aluminum 6061 [11], friction stir
extrusion [13], and cold spray [14] with the common theme
between these works being they each required an approach
capable of handling large deformations from the original
geometry.

Microstructure Modeling

Due to the similar nature of the solid-state physics present
in FSW, the AFSD process can be modeled with similar
approaches, as they both experience similar temperature and
strain rates resulting in DRX and grain refinement. Several
microstructure evolution models are available, such as the
Monte Carlo (MC) [15], cellular automaton (CA) [16],
and phase field [17]. The phase-field method is a material
thermodynamics-based approach based on Ginzburg—Lan-
dau theory [18], using differential equations to describe the
effects of diffusion, ordering potential and thermodynamic
driving force. The phase-field method has been widely
applied to the calculation of DRX [19]. For this reason,
when a thermomechanical history is provided, grain mor-
phology can be predicted using phase-field simulations.

In a similar manner to grain morphology, precipitate
evolution can be modeled from the SPH provided thermo-
mechanical history to simulate the effects, temperature has
on precipitate coarsening during processing. This can be
accomplished using TC-PRISMA, the precipitate module
of the commercially available software, Thermocalc Prisma
[20]. Given temperature history, the resulting strengthening
precipitate sizes and volume fractions can be determined
using a thermodynamic and kinematics approach for a range
of materials [21].
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Fig.2 Flowchart of MSF model population via simulated approach

Performance Modeling

A microstructure sensitive fatigue (MSF) model first pro-
posed by McDowell et al. can be used to predict fatigue
performance based on several material constants and the
microstructure [22]. This model has been used to describe
and predict the fatigue performance of several alloys of var-
ied processing [23]. Additionally, the MSF model has been
calibrated to AFSD processed AA7075 described elsewhere
[24].

This present work aims to use experimental data sets as
a point of comparison, and ultimately validation, of a fully
simulation populated MSF model. Using the models and
approaches described previously, the MSF model can be
populated without the need for experimental inputs though
an integrated computational framework of process mode-
ling to microstructure to performance and fatigue life. This
computational framework will allow for a fatigue prediction
of AFSD repaired components through a simulated set of
inputs, providing the opportunity to assess the viability of
AFSD repairs prior to deposition. The computational frame-
work from the SPH process model to MSF fatigue prediction
is outlined in Fig. 2.

Methods

The framework proposed in this work involves the integra-
tion of several different models ranging from large-scale
thermomechanical simulations of AFSD to microscopic
phase-field simulations of DRX. A diagram of this com-
putational framework illustrated in Fig. 2 shows the link-
ages of the process simulation to the fatigue performance
predictions.

Pre-AFSD Post-AFSD

Start of
Groove

End of
Deposit |

Fig.3 AA7075 plate with simulated damage repaired via AFSD, (a)
simulated damage prior to repair, (b) repaired plate after AFSD pro-
cessing, (c) repaired plate after post process machining

AFSD Groove Repair

The process of an AFSD repair is shown in Fig. 3, in which
an AA7075 wrought plate was machined by a ball nose end
mill to simulate the process of repairing mechanical crack
damage as shown in Fig. 1a. The AFSD process was used
to deposit material into the groove, and then, the plate was
machined flat, back to the OEM geometry.

SPH Method

To capture the complex physics occurring within AFSD
processing, an SPH modeling approach was employed. In
this present work, a research code, SPHriction-3D, was
used to simulate the SPH process. This software allows
for a hybrid approach, using both FEA and SPH compo-
nents. Deformable bodies are modeled by SPH particles,
the rigid, non-deformable bodies are modeled using FEM.
The FEM parts include the anvil, the tool face, the actuator
plate, and the sleeve for the feedstock. The FEM parts are
shown in Fig. 4 as the transparent components, while the

@ Springer
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SPH components can be seen in red and blue, representing
the feedstock and substrate, respectively. The discretiza-
tion used within this study is 1 mm, consistent with work
by Stubblefield et al. in which the SPH approach is used
to model the AFSD process [11].

The core of the SPH approach is the smoothing func-
tion that is the mechanism for constructing a continuum
body from the individual SPH elements as a function of
their nearest neighbors (Fig. 5). Several different smooth-
ing functions have been applied for various SPH models,

SPH Feedstock

FEM Tool

SPH Substrate

FEM Base

Fig.4 SPH/FEM model set up of an AFSD repair using SPHriction-
3D

Fig.5 SPH kernel function
and the effect as a function of
distance to a given neighboring
particle

whereas the approach used in this present study is the
hyperbolic spline function first used by Yang et al. [25]
and employed by Stubblefield et al. [11].

RP—6R+6 for0<R<1
(2-R? for I<R<2 (1
0 for R>2

W(R, h) =,

In order to model the non-uniform substrate for groove
repairs, a biased SPH mesh was employed. This was done
in order to maintain sufficient material points through
every dimension of the substrate while being able to model
the ball nose end mill groove geometry in this work. The
biased SPH mesh is possible by weighting the influence
SPH particles by not only their proximity to other particles
as shown in Fig. 5, but also representative volume. By
having different SPH particles represent different volumes,
the modeling of the groove is possible without a smaller
discretization that would be necessary if SPH particles
were removed from the substrate to capture the intended
geometry.

SPH Formulations

The SPH model uses several continuum mechanics equa-
tions to capture the underlying physics of the interactions

Particle of Interest

®

Particles of Influence '

Particles outside
of influence
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between each particle in the model. Due to the nature of each
particle being influenced by its neighbors, SPHriction-3D
is able to solve the underlying constitutive and continuum
equations in parallel on graphical processing units, decreas-
ing computational time compared to a serialized approach
[26]. Each set of continuum mechanics equations is solved
for each node as a function of its nearest neighbor over
time within the simulation. The set of continuum equations
solved in SPH are shown in Table 3 in the appendix. The
nature of SPH allows for some advantages over other meth-
ods, namely, inherent particle tracking [27]. This allows for
accurate strain prediction, and the ability to use the stress
rate equation to calculate a history-dependent stress seen in

Eq. (2) [11].

§=26(é- étr(g)é) +

Using the SPH setup and formulations previously dis-
cussed, SPHriction-3D, is used to select a point within the
repair geometry and to record the temperature and plastic
strain history during deposition. The resulting output is the
temperature and plastic strain experienced by that point in
the model over the course of the repair. This history can then
be passed to the subsequent models, specifically the phase-
field and precipitate models. To ensure accurate tempera-
ture results would be passed off to the subsequent models,
thermocouple validation experiments were conducted. The
validation experiments were accomplished using a similar
testing methodology to work done by Stubblefield et al. in
which a steel backer plate with holes drilled in it was placed
under the substrate, and k-type thermocouples attached to
a Sper Scientific 800025 data logger were used to measure
temperatures halfway through the substrate [11]. The SPH
parameters used in this work were adapted from the litera-
ture [11] on AFSD simulations using an SPH method and
are reported in the appendix.

[9%1]

Q"+QS 2)

Phase-Field Model

In this present work, a phase-field method in conjunction
with a Kocks—Mecking (KM) dislocation model was used to
analyze DRX and grain growth in a AA7075 during AFSD
processing according to the method proposed by Takaki
et al. [28]. The KM model allows for prediction of the aver-
age dislocation density resulting from the significant strain
rates, and ultimately DRX, experienced during AFSD pro-
cessing. The thermomechanical history in the form of tem-
perature and strain rate needed for input is generated from
SPH simulation results of the AFSD process. This thermo-
mechanical history can then be used to model the behav-
ior of the grain structure throughout AFSD processing of

varying parameters. The high temperatures and strain rates
recrystallize grains present in the feedstock material as it
is deposited under the tool. When subjected to high tem-
peratures and severe plastic deformation, dislocations are
introduced. Subsequently during deposition, the DRX pro-
cess results in these dislocations being eliminated though the
nucleation of new grains. The energy of these dislocations
drives recrystallized grain growth [29].

According to the KM model [30], the dislocation pileup
resulting from plastic deformation, which in our case is due
to the AFSD process, can be written as follows:

dp
E = kl\/z —kap 3

where € is the true strain, and &, and k, are the hardening
and softening coefficients, respectively. In order to derive
Eq. (7), true stress ¢ must first must be related to the dislo-
cation density p though the following equation proposed by
Bailey-Hirsch [31].

o = aGb\/p )

Once true stress is related to dislocation density in
Eq. (4), Egs. (3) and (4) can be combined into the following
form:

do _ LGk (1- L2
d ~2° 1( aGbk1> )

k, and k, can be expressed as follows:

2do

o, de

_ aGbk,

2
=0 Ot

ky =

(6)

where a is the fitting coefficient, G is the shear modulus, and
b is the Burgers vector. o, is the steady-state stress and can
be calculated as follows:

Oy = [A@exp(%)] K (7

Q, is the deformation activation energy, R is the gas con-
stant, and € and T are the input parameters according to SPH
calculation results. A, and A, are fitting constants.

For each grain in the phase-field model, a new variable,
¢;, is used. i being the index for each field for every ith grain,

¢; =1, inside the grain i,
d)j =0, (j+#1i), outside the grain i,
0 < ¢; <1, atthe interface.

According to the DRX model proposed by Takaki et al.
[28], the time evolution of ¢, is expressed by solving:

@ Springer
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jk ¢k

%32 "[2{

+§(“i2k - “fk)vzd’k} - d’id’jAfU]

®)

where M¢ is the phase-field mobility,W; is the energy bar-
rier, a; is the gradient energy coefficient, and f; is the stored
energy difference of the GB between any given grains. The
change in this energy difference,f;, can be solved as
follows:

1
Afy = 5Gb*(p; = p)) )

During recrystallization, the deformation of the GB is
the main nucleation mechanism as grains are deformed, as
is the case during AFSD processing [32]. In order for this
deformation of the GB to occur, a critical dislocation den-
sity, p,, is required. This critical dislocation density for GB
deformation can be expressed as follows [33]:

1
20y¢ \?
- 10
Pe <3ber2> (10)

where y is the GB energy, M is the GB mobility, and [ is
the dislocation mean free path. Within this work, a uniform
dislocation density within each grain is assumed. The model
parameters of the phase-field simulations conducted in this
work are reported in appendix.

Strength Model

AAT075 derives its strength from several strengthening
mechanisms. To determine the final strength of material
processed through AFSD without mechanical testing, the
following strengthening mechanisms are considered.

Precipitates

In 7xxx series alloys, precipitates act as the dominate barrier
to dislocation movement in the peak age condition, balanc-
ing precipitate cutting with Orowan looping behaviors for
small and large precipitate sizes, respectively [34, 35]. For
AAT7T075 in the T6 state, this precipitate is the meta-stable #’
phase [36]. The strength contribution from these precipitates
is described by the following relationships [37]:

T

ATRods -

@ Springer

A= 0.85Gb

1 12)

2x(1 —v)?2

where r, is the dislocation core radius, f is the volume frac-
tion of the precipitate, and 6 is the diameter of the precipi-
tate. The precipitate evolution during processing is integral
to the resulting properties of the AFSD repair. The evolution
and coarsening of precipitates that occur during AFSD pro-
cessing is modeled using the software Thermocalc Prisma
and associated databases. The details of the approach
employed by Thermocalc can be seen elsewhere [20].

Grain Boundary

Grain boundaries can provide contributions to material
strength by acting as barriers to dislocation movement. This
can be described by the Hall-Petch relationship in which
smaller grains result in higher strength materials. This is due
to the decreased area in smaller grains being incapable of
accommodating as many dislocations as their larger coun-
terparts. This relationship can be expressed in the form [38]:

Oop = 0p +kd™ (13)

where o, is the yield strength of pure alumlnum k; is the
Hall-Petch constant of 0.065 MPa ;- 3 [39], d is the aver-
age grain size, and m is GB strengthening exponent of 0.5.

Solid Solution

Alloying elements dissolved within the bulk matrix are
another significant source of strength of aluminum alloys.
This is due to differences in atomic size of the various
alloying elements resulting in a misfit within the aluminum
matrix. These elements can be substitutions in which they
replace an aluminum atom within the matrix resulting in dis-
tortion of the matrix if the element is larger or smaller than
the aluminum atom if it is replacing or can be interstitial if it
exists in between the lattice structures. Interstitial atoms fit
between atoms in the matrix, distorting the matrix and once
again acting as barriers to dislocation movement through the
lattice. The strength of these alloying elements contribute is
dependent on their size and concentration described for each
element by the equation [40]:

Az, = AC,*? (14)

where A is the element constant, and C, is the element con-
centration in solution. The average of AA7075 element con-
centrations was used in this work to calculate strength in the
T6 state seen in Table 1 along with the values of the element
constants [38].

The total solid solution strengthening of the alloy is a
linear combination:
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Table 1 7075 composition and

> . Element A Conc.
constants used for solid solution
strengthening Cu 12.431 1.6
Mn 15.772 1.5
Mg 20.431 2.5
Zn 3.085 5.6
At = Atey + Aty + ATy, + ATy, (15)

Stacking Fault

A secondary phenomenon relating to the precipitates within
AATO075 is stacking fault strengthening. As the stacking fault
energies of the bulk matrix and the precipitates are not equal,
the movement of partial dislocations is impacted depend-
ing on the phases present in their path [41]. This can be
accounted for using the equation [42]:

KF\* (A7 -1
se= () () "

K=—2"_ (2—3 +4 '2£> 17

82— ) v+ dvsin'2 17
where b, is the Burgers vector for the partial edge dislocation
along the <1 1 2> plane in aluminum [38].

Vstm — }/sfp

2 (18)

Vst =
where yg,, is the stacking fault energy of aluminum
= 200 mJ/m? [43], and Ysip 18 the stacking fault energy of
the 7' phase = 600 mJ/m? [44]. Ay is the absolute value of
the difference between stacking fault energy of aluminum
and the ' phase.

Dislocation

To capture the impacts of strain hardening within the AFSD
process, a method that incorporates dislocation density is
employed. This is due to the occurrence of DRX during
the AFSD process. The assumption of constant dislocation
density before and after processing cannot be made. Due to
this fluctuation in dislocation density, the strain hardening
equation:

r = aGhp? (19)

is used [45]. The dislocation density, p, allows for the reduc-
tion of dislocations after DRX to be accounted for in the
analysis. This approach prevents an over prediction of the
dislocation contribution to the strength of the AFSD-T6

material condition by accounting for dislocation losses from
DRX.

MSF Modeling

In order to model the fatigue behavior of material processed
through AFSD, the microstructure sensitive fatigue (MSF)
model is employed to relate the microstructure and mechani-
cal property predications to component performance and
fatigue life. This is accomplished through modeling the
different experimentally observed stages of fatigue damage
including, crack incubation, microstructurally small crack
growth, physically small crack growth, and long crack
growth. This approach can be summarized equation used to
obtain the total cycles to failure [24]:

Nlotal = Ninc + N% + NLC (20)

Equation (20) consists of the number of cycles for incuba-
tion, small crack growth, and long crack growth denoted by
N;p.» Nusc, and Nj (-, respectively. The incubation life contri-

PSC

bution, N,,., is assumed to be composed of two main phases,
microcrack nucleation followed by the early stages of micro-
crack propagation through the tip of the microscopic notch.

Microstructurally/physically small crack growth, Nwsc, is the
PSC

contribution to total cycles consisting of crack growth from
the early stages at which it would be considered microstruc-
turally small to the upper limit of this range when it is clas-
sified as a physically small crack. The final stage of crack
growth is long crack propagation, Nj ., consisting of the
number of cycles required to go from a long crack to failure
of the material. A calibrated MSF model for AA7075 and
the corresponding coefficients are reported elsewhere [24,
46].

Results and Discussion

Results from the advance phase of the AFSD in which the
tool is moving in the traverse direction of this simulation
are shown in Fig. 6. The advance phase of the AFSD was
of particular interest in the validation study as this is the
period of processing where the most extreme temperatures
are experienced within the deposition. Any coarsening of
strengthening phases is most likely to occur during these
peak temperatures. The advance phase of processing is the
most repeatable period of AFSD processing and was used
for temperature validation.

Figure 6 shows the SPH simulation and the experimen-
tal validation of temperatures for AFSD deposits con-
ducted at the same parameters as prior work by Avery
et al. [46]. The experimental thermocouple results show
a significant difference in the advancing and retreating

@ Springer
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Fig.6 SPH temperature predictions compared to thermocouple measurements taken from the advancing and retreating side of the tool

sides, consistent with work by Stubblefield et al. [11]. The
temperature differences are the most pronounced at the
beginning of the advance phase when the tool is closest
to the thermocouple location with a reduced effect as the
tool moves away from the measurement location toward
the end of the deposition. Peak temperatures of 350 °C
and 293 °C were seen in the advancing side and retreating
side of the tool, respectively, by the thermocouples. SPH
simulation results showed significantly less temperature
differences on the advancing and retreating sides of the
tool reaching 341 °C and 337 °C. The differences in the
temperatures seen on either side of the tool were far less
pronounced in the SPH simulation seeing on average only
3 °C of difference opposed to the 57 °C recorded by the
thermocouple data. Some of this difference in tool tem-
perature bias can be explained by back extrusion into the
thermocouple backing plate on the advancing side. This
was present on all three of the thermocouple validation
experiments due to material having a preference to deposit
on the advancing side of the tool. For this reason, a loca-
tion on the advancing side of the tool was used to provide
the thermomechanical history to the subsequent models as
the advancing side temperatures showed greater alignment
with the experimental data.

Phase-Field Grain Size Outputs
The first step in populating the strength model and subse-

quently the MSF model is to use the SPH thermomechanical
history to predict the resulting grain size after processing.

@ Springer

The temperature history and plastic strains predicted by the
SPH model were passed to a phase-field model. The bound-
ary conditions of the phase-field simulation were provided
by the SPH outputs, where these results are shown in Fig. 7.

Figure 7 shows the comparison of the predicted micro-
structure before and after AFSD processing. The long,
columnar grains are shown in Fig. 7a and b resulting from
the cold rolling process. This feedstock microstructure was
used as the pre-AFSD condition based on EBSD scan results
from the wrought AA7075 from Avery et al. [46]. After
AFSD processing, experimental data shows evidence of
DRX and grain refinement in both the experimental EBSD
scan in Fig. 7c and the phase-field model in Fig. 7d. The
phase-field model predicted an average grain size of 4.23
pm. This is within the range of grain sizes measured in
experimental work in Fig. 7c and throughout the repair rang-
ing from 3.5 to 6 pm [46]. The phase-field simulations also
predicted a similar equiaxed structure in the as-deposited
AFSD material that was observed experimentally. The other
critical output from the phase-field model is the dislocation
density. This output is then able to be used to predict the
strength contribution from work hardening and subsequent
strength loss from DRX where dislocation dense grains
nucleate into smaller less dislocation dense grains. The dis-
location density of AFSD processed grains after undergoing
dynamic recrystallization predicted by the phase-field model
was 7.78 x 10'> m~2. This is a significant reduction from
the T651 cold rolled material of 3.28 x 10'* m~ in the pre-
AFSD feedstock material [47].
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Fig.7 a EBSD scan of AA7075
rolled plate (modified from

Simulated

[46]) and b the phase-field
simulation of grain size before
AFSD processing compared ¢

EBSD scan of AA7075 after
AFSD repair (modified from
[46]) and d phase-field simula-
tion of grain size after AFSD
processing

Simulated
region (b)

Wrought

AFSD

Thermocalc Precipitate Size Outputs

The same thermal history used for the phase-field simula-
tions was also used for the precipitate evolution model in
Thermocalc TC-Prisma. The volume fraction and radius of
the dominant strengthening phase, 7', was simulated with the
T6 peak age state as the starting point. This model consid-
ered only the ' and 7 phases as it related to the T6 condition.
Based on the literature, there exists the possibility for other
phases such as the T phase or S phase at these temperatures
[36]. These phases were excluded from the results shown in
Fig. 8, as the 5’ precipitate is considered to be the primary
strengthening phase in 7075 [48].

Figure 8a shows the volume fraction of #' against the tem-
perature conditions, the material is subjected to during AFSD
processing at parameters of 25.4 mm/min for both the feedrate
and the traverse rate with a tool rotation of 225 RPM. The
AFSD processing temperature profile, shown in red, begins
in which material temperatures steadily rise during the dwell
phase of the AFSD process. The rate of temperature increase
reduces during the time, the tool is raised off the substrate to
the desired layer height and then begins to rapidly increase

> .‘:‘.":? -
Ao

during the fill stage of the process in which deposited mate-
rial is filling the gap between the tool and substrate. At these
stages of processing, the volume fraction of 7', shown in
blue, slowly decreases with minimal overall change as the
temperature rises from 20 to 200 °C. It is at the end of this
fill phase when the #' volume fraction drastically decreases
around 220 °C. This drop in the volume fraction of %' cor-
responds to an increase in the volume fraction of 7 shown in
black. The ' precipitates are not reentering solution but rather
coarsening to the # phase, which contributes significantly less
to the strength of the material. With AA7075 being primar-
ily a precipitate strengthened alloy, high heat input seen in
both the SPH and thermocouple data, coupled with decreased
strength in mechanical performance would be consistent with
the loss of primary strengthening precipitates. As will be fur-
ther discussed in later sections, this reduction in the 7' phase
is the most significant contribution to the lower yield of as-
deposited AA7075 material properties. This is consistent with
the comparison of yield strengths for peak age AA7075-T6
before and after being processed though FSW [49].

Figure 8b shows the same thermal history seen in
Fig. 8a, but plotted against the mean radius of the # and 7’

@ Springer
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Fig.8 5 and ' (a) volume fraction and (b) radius as a result of temperatures experienced during AFSD processing and heat treatment

phases. Minimal changes in the radius for both phases are
seen until 220 °C where the 5 phase significantly coars-
ens to roughly 6 nm. This coarsening corresponds with an
increase in the volume fraction of the # phase in Fig. 8a.
The simulation also predicts a drastic reduction in the mean
radius of the n' phase as it approaches a volume fraction
of zero. The significant reduction in radius of the 5’ phase
suggests that the working temperature is above the solvus
line for '. The reduction in radius and volume fraction of
n' corresponded with increases in both radius and volume
fraction of the 5 phase. From the literature, it is expected
to see the formation of T phase at these temperatures [36].
The lack of T phase in the precipitate model likely accounts
for the over prediction of 5 phase volume fraction seen
in Fig. 8a. The significant coarsening of the precipitates
will result in an overall lower strength for the as-deposited
material. As precipitates coarsen, they no longer provide a
benefit in terms of strength to the alloy from the compet-
ing mechanisms of cutting and looping as they did in the
peak age state. Larger precipitates begin to shift into the
Orowan looping regime as particles become too large to be
cut by dislocations. This results in only a single mechanism
dominating precipitate strengthening as opposed to the
competing mechanisms at smaller sizes that produce the
characteristic high strength of peak age alloys. The further
implications of coarsened precipitates will be discussed
further in the next section as it relates to yield strength
prediction of as-deposited and AFSD-T6 repairs.

The rapid decrease in the volume fraction of the '
phase at 220 °C in Fig. 8a suggests that for single-layer
AFSD repairs such as those studied within this present
work, a reduction in working temperature would result
in significant strength increases in as-deposited mate-
rial properties. This can be seen in the relationships pre-
sented in Eqs. (11) and (12), as smaller less coarsened
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precipitates will result in higher strengths. Future work
should focus on minimizing the working temperature of
AFSD depositions of precipitate hardened alloys.

After the quench and solutionization denoted by the
break in Fig. 8, the T6 heat treatment returns the precipi-
tates back to the pre-AFSD, T6 condition in both volume
fraction and radius as seen after the break in Fig. 8.

AFSD Strength Prediction

Figure 9 shows the various distributions of strengthening mech-
anisms present for AA7075 for different processing conditions
experienced by the material. The numerical contributions to
each of these predictions are shown in Table 2. The AA7075-
T6 distribution shows precipitate strengthen as the dominant
mechanisms followed by stacking fault strengthening, which
also relies on the size and volume fraction of the 7’ phase. Both
of these are classified as precipitates in Fig. 9 as discussed in
“Stacking Fault” section. The next three largest contributions
come from dislocation strengthening, solid solution, and finally
GB strengthening. For the AA7075-T6 state, the contribution to
strength from dislocations depends on the dislocation density.
Data provided in the table were obtained for rolled plate using
values from the literature [47]. The AFSD as-deposited AA7075
material condition shows significant reduction in strength com-
pared to the peak age condition. The strength contributions are
distributed differently than the peak age with a reduced con-
tribution from every mechanism. The reduced solid solution
and precipitate strengthening resulted from the coarsening of
the ' phase to 7. The loss of the stacking fault strengthening is
assumed to be a result of the incoherent nature of the n phase
and the lack of dislocation density from DRX both of which
are factors in the formation of stacking faults in high stack-
ing fault energy materials [41]. The final material condition,
AFSD-T6, appears similar to that of the T6 wrought condition
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Fig.9 Predicted strengthening mechanism contribution for AA7075,
T6, AFSD as-deposited, and AFSD-T6

with the exception of an increased contribution from the refined
grain structure left by AFSD and significant loss of dislocation
strengthening from the DRX process.

Ductility and Ultimate Tensile Strength

A reduction in ductility can be presented for material
repaired through AFSD. This trend is captured within the
MSF model. The scatter in ductility of AFSD-T6 repairs
(2-9%) adds complications to the prediction of ultimate
strength [46]. Ultimate strength is a required input for the
MSF model. In order to capture the conservative scenario
for any given AFSD repair, a 2% strain to failure was
used. This is shown in Fig. 10 depicting the simulated
tensile performance of AA7075-T6, AA7075 AFSD as-
deposited, and AA7075-AFSD-T6 compared to the exper-
imental for all three material conditions from Avery et al.
[46]. The static strength models in Fig. 10 “fracture” at
a 2% strain to failure, where this failure strain is used to
represent the UTS for each curve within the MSF model.

Combined Results and Final MSF Outputs

The final model in the framework proposed in this pre-
sent work is the MSF fatigue prediction model. The MSF
material constants used within this model can be seen in
prior work on AFSD processed AA7075 by Avery et al.
[46]. To this point, simulations in this work model the
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Fig. 10 Simulated tensile performance of AA7075-T6, AA7075 as-
deposited, and AA7075-AFSD-T6

thermomechanical processing during AFSD and its mac-
roscopic impacts on the material. These macroscopic
effects are then used to relate processing conditions to
resulting microstructure and finally mechanical properties
in the form of material strength. A calibrated MSF model
is used to account for effects otherwise unaccounted for
in the other microstructure models proposed in this work
such as iron-rich intermetallic particle size. The results
from the fully simulated MSF model are shown in Fig. 11
along with experimental data from Avery et al. [46].

Figure 11a shows the upper and lower bounds of pre-
dicted cycles to failure generated using the framework
proposed in this work for an AFSD repair that was sub-
jected to a T6 post-processing heat treatment. The lower
bound was generating using a grain size and intermetallic
particle size of 12 pm and 7 pm, respectively. The upper
bound was generating using a grain size and intermetallic
particle size of 1.5 pm and 0.4 pm, respectively. These
intermetallic sizes were determined though a relationship
between deposition pitch and intermetallic grain refine-
ment given as follows:

R, = 0.0364 D}

 + 0.039 Dy

2y

where Ry, is the percent refinement of iron-rich intermetallic,
and Dy, is the diameter of the iron-rich intermetallic. The
mean MSF prediction captures the overall fatigue behavior

Table 2 .Predlcte(.l str.engthenlng SS D Rods SF GB Pred. total Experimental
mechanism contribution
for AA7075, T6, AFSD T651 104.3 1233 146.2 107.9 225 504 503
as-deposited, and AFSD-T6 @all kg, 85.2 242 1273 0 47.6 284 285
units are in MPa) ’ ’ ’ :

AFSD-T6 1153 20.6 161.6 119.3 47.6 464 490
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Fig. 11 a Fully simulated MSF predictions of fatigue life performance of AFSD-T6 compared to experimental data [46] and b mean MSF for
wrought AA7075-T651 from Avery et al. compared to MSF simulated mean

seen in the experimental work from Avery et al. [46]. The
upper and lower bounds of the predictions follow the trend
of a smaller grain size and intermetallic particles, resulting
in greater cycles to failure. Figure 11b shows the compari-
son of the AFSD-T6 fatigue performance compared to the
wrought experimental fatigue data and MSF predictions
from Avery et al. [46].

Advantages and Disadvantages of this Approach

The approach proposed in this present work allows for predic-
tions of mechanical performance of material processed through
AFSD, where these predictions require SPH thermomechani-
cal simulations, phase-field simulations, and a calibrated MSF
model. The development of these models and simulations gen-
erally follows significant mechanical testing and understanding
of mechanisms within a given manufacturing process. While
this framework is general enough to apply to a range of manu-
facturing methods outside of the AFSD repair case presented
here, the understanding and mechanical testing required for
such expansions of this framework are not insignificant. Many
of the inputs used in this work relied on published data; how-
ever, this may not be available for every manufacturing process
that one may wish to expand this numerical approach to, and
additional mechanical testing may be required. However, once
that testing has been done to properly populate the necessary
inputs, this approach can allow for further understanding of
these relationships across a wide range of complex geometries
and boundary conditions that would otherwise be burdensome
to test individually. In addition, if this approach was used to
determine the differences in material properties within a
repaired component as part of a larger simulation (e.g., FEM),
the latter half of this approach would need to be repeated
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several times to capture all of the strain rate and temperature
gradients present within an AFSD repair.

Conclusion

In this present work, a multi-physics model framework to
predict AFSD repair performance was presented. An SPH
process model of AFSD was used to generate a thermo-
mechanical history experienced during processing. The
thermomechanical history is then used in microstructure
models to provide grain size, precipitate size, and dis-
location density. These outputs are then used to predict
the strength of as-deposited and post-process heat-treated
AFSD repairs through a combination of strengthening
mechanism contributions. Finally, these outputs populate
the MSF fatigue model in order to provide a fatigue life
performance of AFSD repairs. The predicted yield strength
of both as-deposited and post-process heat-treated samples
saw good agreement to experimental values in prior work.
The mean and bounds of the MSF predictions saw good
agreement with experimental work performed by Avery
et al. for AFSD repairs processed under the same process-
ing parameters [46]. The upper and lower bounds of the
MSF prediction were able to capture the scatter of experi-
mental results of AFSD repairs of AA7075. The approach
proposed in this work was applied for a single location
within the AFSD repair. A similar methodology can be
applied and used to populate further models such as a finite
element approach to further simulate the resulting fatigue
crack propagation as informed by the MSF populated using
the methodology proposed in this work.
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Appendix

See appendix Tables 3, 4, 5, and 6.

Table 3 SPH formulations of
continuum equations

Table 4 Fraser—Kiss—
St-Georges flow stress model
constants

Table 5 Smooth particle
hydrodynamic simulations
constants

Equation SPH formulation
Strain rate e =1 My e o p W
i 2 p I oxf p It ox
Spin tensor Q= Ly (M« Wi _m poW;
i B =1\ p, I oxp p U oxe
Jaumann stress rate M =2G af _ laaﬂéyy> + SnyQ/}y + Qnysy/i
dr 3
. N,
Conservation of mass Dy _ N ow;
o P i)

Conservation of momentum

Dv* — ZN, m D-,'f/’ + a]“ﬂ ‘)Wg
Dt j=1"T\ p? 2 ) ox/?

P

Conservation of energy ar, _ 1 N, my (4kk) (T-T) 0w,
@ T 5Cy = y (kthy) [ o i
Stress decomposition giaﬁ = SI.“/’ - pi,saﬁ
FKS constants Table 6 Pl.lase—ﬁled and Kocks— Phase field and KM param-
Mecking simulation constants eters
A 503E6
A, 5.0E6 a 0.5
A 70 Al 2.56x10%
3
B, 11.99 A2 8.17
B, 5611 b 2.58x107
B, 0.1 c 1.82x10"
o 12.8 d 1
2 .
k, 4.27%108
M, 0.81
o, 1.45%10°
Q, 89,375
SPH constants 5 12
SPH shift 0.01 v 0214 .,
XSPHFRAC 0.01 Pe 5.51x10
CFL 0.5 R 8314
Time scaling 50 dr 10
Av, 0.38 T 329.14
Av, 0.002
Search frequency > Acknowledgements Distribution Statement A: Approved for public
SPH shift 0.01
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