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Figure 18: GND distribution with y-direction (dimension “2” in Figure 12).

Size Effects: From Figure 15 and Equation (38), it is clear that if we decrease the
sample height then the bottom and top surface area with respect to the sample volume
would increase. Therefore, the amount of dislocation activity increases at the surfaces,
which results in an increase of stresses per unit volume after initial yielding. The same
effect is manifested when the height along the direction is set to be (1/2) and (1/10) of the

initial height as shown in Figure 19.

(Top+Bottom)Surface area 2(widthxbreadth) 1
Volume - HeightxBreadthxwidth Height

(38)

for constant breadth and width.
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Figure 19: Average shear stress vs. average applied shear strain with change in height.

5.2.2 Uniaxial Tension of Polycrystalline A1-3003 H-18

An Al3003-H18 polycrystalline alloy with dimensions 150pmx150pumx150pum
(sized to match the UC foil thickness for Al 3003 foils commonly used of ~150um) has
been subjected to uniaxial tension. The Al3003 alloy material is chosen for this study
since it is one of the materials widely used for UC processing. The Qslip i.e. the
activation energy for slip, for this case has been modified to 2.6x10™°J [65] which is
generally applicable for all aluminum alloys.

In this case (Figure 20), 648 elements have been generated for the FEM analysis

with 24 random cubic grains. The elements divide the continuous sample geometry into
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smaller finite and discrete subdomains for carrying out numerical calculations. The cubic
grains signify that the elements contained in them share a certain crystallographic
orientation. The initial stored dislocation content (SSD) was set to 5x10"°m™. The ideal
initial stored dislocation content should have been 3.7x10"”°m™ (Equations (39-40))
though that would have represented the yield stress in the crystalline orientation (ZXZ
triad) mentioned in Section 5.2.1. Hence, by volume integrating this SSD content with
three dimensional crystalline orientation and further normalization leads to an initial SSD

content of 5x10"°m™ in this case.

PSSD.AI3003 (SYS ofAl3003)2 (SMofpureAl)z
" \SYS of Pure Al SMof Al3003

(39)

PSSD,Pure Al

Since the Shear Yield Strength (SYS) of A13003 is 110 MPa and SYS of pure Al
is 7 MPa in the crystalline orientation mentioned in Section 5.2.1 with same shear
moduli, we have:

110\2
Pssp.aiz00s = (1.5 x 1011) x (7) ~ 3.7 x 1013 (40)

The geometrically necessary dislocation content (GND) has been set to 0 for the
same reasons mentioned in Section 5.2.1. The random orientation is represented in terms
of ZXZ Bunge-Euler angle triad shown in the Appendix. The angles are obtained by
generating random angles in radians in the closed interval [2m, r, 2r] characterizing the
grain orientations.

Average Stress-Strain Deformation Response: The uniaxial tension results
obtained from the simulation match pretty well with the experiments [10] and are shown
in Figure 21. The slight disagreement in results obtained from simulation and

experiments can be attributed to the following reasons:
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AA

A

Figure 20: Uniaxial tensile boundary conditions with arrested degrees of freedom at the
bottom. The thick lines show the cubic grain boundaries.

While calculating the plastic deformation during experiments [10], the plastic
deformation is computed using the small deformation theory where the total
strain is assumed to be only the sum of elastic and plastic counterparts. In the
simulations, a large deformation theory has been implemented since the final

goal of these simulations is to correctly solve the large deformation behavior
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in UC processing. Henceforth, the results are offset due to different
assumptions for the constitutive material models.

Also, computation of the plastic deformation is subjected to the level of
discretization in the simulations. Better convergence with experimental results
could be achieved by finer meshing of the A1-3003 H18 solid.

The number of grains has been assumed to be only 24 and all cubic in shape.
The actual samples may have a different number of grains (the granular
microstructure using a scanning electron microscope has not been provided in
[10]). Similarly, cubic grains have more sharp edges than actual grains in a
polycrystalline sample. By assuming the cubic shape, the worst case scenario

of stress-strain response has been computed in the simulations.

The average plastic strain in this case has been computed in the current

configuration from Equations (41) and (42).

Ep=3(F'F - FF, ) (41)
_ I
Ep,avg = SV (42)

where E, is the plastic strain, F is the total deformation gradient, F. is the elastic

deformation gradient and V is the volume at an integration point, respectively. Also,

E, avg represents the volume averaged plastic strain.
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Figure 21: Uniaxial tensile stress-strain response for Al 3003 alloy.

5.3 Ultrasonic Consolidation

5.3.1 Boundary Conditions

56

Global Boundary Conditions: The global boundary conditions during ultrasonic

consolidation are comprised of two simultaneous boundary conditions — normal

compression and oscillating simple shear. The normal compression is around 1200N -

2000N for Aluminum alloy variants. The applied shear amplitude is of the order of 1pum-

25 wm with foil widths of the order of 50 pm-200 pum (typically used foil thickness is

~150 pm) and initial mating surface roughness varying from smooth (Ra~0.1 pum) to

heavily surface damaged (Ra~5 pum). The mentioned surface conditions are only

observed in the top part of the bottom foil because it has been freshly deformed by the

sonotrode during deposition of the previous layer. The time period for one oscillation is

about 50 microseconds. Since the travel speed of the sonotrode horn varies from 10-50
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mm/s, hence the material point under UC loading experiences a maximum of 3000
material deformation cycles. The foils constitute polycrystalline microstructures with
random orientation as shown in [5]. The initial SSD has been assumed to be 5x10°m™
for the same reasons mentioned in Section 5.2.2. The microscopic parameters required for
simulations can be extracted from Table 5. Since, the orientation imaging microscopy
(OIM) data for the foils were not available, a random cubic polycrystalline microstructure
has been assumed. The bottom foil and the top foil is comprised of 12 randomly
generated crystals each, with the top foil having the same granular microstructure as the

bottom foil. The applied boundary conditions are shown in Figure 22.
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Figure 22: Schematic showing UC global boundary conditions. The bottom of the model
is held rigid. This assumption is only true for 2 foils on a large plate or a foil getting laid
over a large plate.
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Interfacial Contact Boundary Conditions: For interfacial contact with friction, the

contact boundary conditions can be formulated as follows:

w —=whH.n=0 (43)
where w™ and w* are displacements of the nodes on the top of the bottom and bottom of
the top foils in the vicinity of the interface, respectively. n denotes the normal vector
perpendicular to the interface. The normal vector is in the y-direction for this case.

In addition to Equation (43), the normal traction components on the bottom of the
top foil and top of the bottom foil should be compressive and tensile respectively. Also,
from the point of view of force equilibrium, both of these traction components should be
equal and opposite to each other as shown in Equation (44).
t*n<0,t".n=0andtt.n=—-t".n (44)

Equations (43) and (44), further leads to the Kuhn-Tucker conditions [70] for the
normal traction and normal displacement components as demonstrated in Equation (45)
r.n)(w™ —w*).n=0 (45)

Further, similar to the normal traction components, the tangential components
should be also in equilibrium (Equation (46)).

Prt*+Prt~ =0 (46)
where Py is the tangential projection operator, given as:

Prt =nXxX(txXn) (47)
where X denotes the cross product of two vectors.

For friction idealized by the Coulomb law, the maximum frictional force

supported by the interface is:
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g = ult.n| (48)
where pu is the coefficient of friction. The equations to be satisfied for the tangential

component of interfacial tractions and displacements are as follows:

|IPrtl| < g (49)
Prw™ = Ppwt if ||Prtl| < g (Stick Condition) (50)
Pr(w™—w*) = —APpt* if ||Prtl| =g (Slip Condition) (51)

5.3.2 Effects of Friction at the UC Interface

Two cases have been modeled to understand the effects of friction at the UC
interface, one with pure stick condition and the other with an appreciable amount of
friction, replicating the friction behavior when the constituent foils are in contact with
each other. The initial mating surface roughness has been fixed at an average roughness,
Ra~5 pm with foil thickness being 150 um. The boundary conditions applied are (a)
normal compression of 1800 N and (b) oscillatory shear amplitude of 16 um. The initial
GND has been assumed to be 0 throughout the microstructure since the grain boundary
area is negligible compared to the entire volume. The GND evolution in the bulk for one
complete deformation cycle has been shown in Figure 23. Figure 23(a) illustrates the
initial configuration for both the pure sticking and frictional sliding boundary conditions.
During progressive loading in the pure sticking case, the mating interface experiences no
resistance to the shear deformation. This leads to equal tangential displacements of the
top and bottom foils in the vicinity of the interface. Therefore, the GND starts developing
at the top surface of the top foil. On the contrary, in the frictional sliding case, the bottom

foil in the vicinity of the interface experiences significant resistance due to friction. This
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further leads to much smaller tangential displacement of the bottom foil compared to the
top foil in the vicinity of the interface. Henceforth, the GND is higher at the interface
compared to the top surface of the top foil in this scenario. The GND evolution in both
pure sticking and frictional sliding scenarios has been demonstrated in Figures 23(b)
through (e) corresponding to (1/4)™, (1/2), (3/4)" and 1 full deformation cycle during UC.
It is also observed that the maximum GND after one complete cycle (Figure 23 (e)) in the
frictional sliding case is greater than the pure sticking case by a factor of 2, suggesting
more inhomogeneous deformation in the former. The motivation behind demonstrating
these particular instants (Figures 23(a)-(e)) comes from the fact that the applied shear
loading either changes its direction or its sign at these instants. Also, the extent of GND
evolution in the frictional sliding case limits itself to about 20 um below the top surface
of the bottom foil in the normal loading direction (y-axis). Therefore, this region
experiences the maximum inhomogenous plastic deformation, and kinematic hardening
since the inhomogenous plastic and kinematic hardening is directly proportional to the
\/m [6]. Moreover, continued GND evolution at the interface means a higher
production of dislocations with either a positive or a negative sign. Therefore, a very high
number of these GNDs leads to their annihilation and formation of new relaxed equiaxed
subgrains. This phenomenon is also termed as dynamic recrystallization [71]. The
emergence of recrystallized subgrains can be confirmed from the experiments [5] where
it has been observed that significant grain fragmentation has taken place near the
interface on the top part of the bottom foil with a good amount of plastic flow beneath the

region, as shown in Figure 24.
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Figure 23 (a): GND evolution at T=0 (i) Pure sticking (ii) Frictional sliding.
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Figure 23 (b): GND evolution at T=1/4" cycle (i) Pure sticking (ii) Frictional sliding.



63

(©

(i) Pure sticking X

GND Total

2.4E+13
22E+13
2Et13
1.8E+13
1.8E+13
1.4E+13
1.2E+13
1E+13
8E+12
6E+12
4E+12
2E+12

(1) Friction

GND_total

4.5E+13
4E+13
3.6E+13
SE+13
2 6E+13
2E+13
1.6E+13
1E+13
SE+12

LIRS | (4

Figure 23 (c): GND evolution at T=1/2 cycle (i) Pure sticking (ii) Frictional sliding.
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Figure 23 (d): GND evolution at T=3/4" cycle (i) Pure sticking (i1) Frictional sliding.
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Figure 23 (e): GND evolution at T=1 cycle (i) Pure sticking (ii) Frictional sliding.



66

This continued evolution of GND at the interface in the friction assisted case
results in grain fragmentation (subgrain formation) by the end of 3000 material
deformation cycles, since the average GND in the 20 um strip below the top surface of
the bottom foil reaches a value ~ 6x10" dislocations/m” in the top part of the bottom foil
(Figure 25). The subgrain diameter corresponding to this dislocation density is ~ 2.28 um

(Equations (52-53)).

Sub-grain region
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Interface
between top

s High degrees of
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“flowing”
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Plastically
deformed sub-
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Figure 24: Ion beam induced secondary electron micrograph of DBFIB-etch result for UC
interface showing extent and depth of subgrain size and morphology change as a result of
the plastic deformation.
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Figure 25: GND evolution in the top part (~20 um region) of the bottom foil for a Ra~5
um in the top surface of the bottom foil.

Subgrain Diameter Assessment: It is clear from Equation (30) that the mobile
dislocations get immobilized after traversing a certain distance (L) inversely
proportional to the density of their out-of-plane forest counterparts. Since the grain
boundary happens to be a huge dislocation sink, the grain diameter (D) is directly
proportional to the immobilization distance (L,). Henceforth, the grain diameter D also
becomes inversely proportional to the forest dislocation density as shown in Equations

(52) and (53).

1

D= (52)

/quorest

It is known that at the initial instant the forest dislocation content is almost SSD

since the GND content is negligible. Similarly due to the high amount of GND evolution
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in the 20 pm strip below the top surface of the bottom foil, this region experiences
inhomogeneous plastic deformation explicitly. Hence, the pgyp > pdsp in this region
after 3000 deformation cycles. Therefore, the forest dislocation content is primarily GND
after 3000 deformation cycles in the above-mentioned region leading to a modification in

Equation (52) as shown in Equation (53).

/PSNDf' l
D. iy ,Jina
DLnLtLal — (53)
[ a
final /Pssn,initial

The initial SSD content is 5 x 1013m'2, the final GND content is 6 x 10"°m™? and

the initial average grain diameter of these AI3003-H18 alloy foils is around 25 pm [5].
Therefore, the final average grain diameter reduces to 2.28 um. This value is consistent

with the range of final subgrain diameters suggested in [72].

5.3.3 LWD Evolution with Cyclic Deformation

Linear Weld Density measures the amount of bonded length to the total interfacial
length, which is inversely proportional to the average gap between the mating surfaces at
the UC interface. LWD generally increases with the amount of cyclic deformation. If the
gap becomes zero, both the surfaces adhere and start plastically deforming together.
Since the applied shear loading is cyclic during UC processing, the interface may lead to
a fatigue type of failure due to dynamic recrystallization at the interface when subjected
to higher normal loads. Although the gap closure phenomenon has been included in the
model, the prolonged fatigue phenomenon has not been included in the current set of

simulations and is left for future work.
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To quantify the effects of processing parameters such as oscillation amplitude and
normal compressive load on LWD evolution, a design of experiments (DOE) approach
[40] was adopted to systematically evaluate the effects of process parameters and to
identify the optimum parameter combination. The process parameters and the levels
selected for evaluation in this study are shown in Table 8. Variation of each parameter at
four different levels was considered necessary to assess any nonlinear effects. Specific
levels for each of the parameters were selected based on preliminary experiments,
machine setting limits, and available published information. A Taguchi L16 orthogonal
array was utilized in the present study to determine the effects of individual process
parameters. Interacting influences between two or more process parameters are not
possible with a Taguchi L16 experimental design and were not assessed. Table 9 lists all
of the parameter combinations used for deposition experiments.

The experimental runs were randomized and each of the 16 runs was repeated
twice. Although it is typical to use three replicates, two replicates were considered
adequate for obtaining statistically meaningful data in the present case as each run
consisted of depositing four layers of foil one over another (Figure 26), which is
equivalent to testing each parameter combination eight times. Subsequent to deposition,
each deposit was slightly machined along the foil edges. The welding direction was along
the foil rolling direction in all cases and was reversed for each layer. The ultrasonic
oscillation frequency was maintained constant at 20 kHz for all of the experimental runs
(the UC machine used in the current study does not facilitate variation of oscillation

frequency).
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Effect of Oscillation Amplitude: The L16 Taguchi experiments conducted in [40]

are more ideal and sophisticated for the DDCP-FEM model validation for the UC case
compared to individual simple shear and normal compressive scenarios mentioned in
Sections 5.2.1 and 5.2.2 since they provide with microstructural parameters quantifying
the deformation response for the simultaneous global boundary conditions mentioned in

Section 5.3.1.

Table 8: Parameters and Levels Selected for UC Experiments

Parameter Level 1 Level 2 Level 3 Level 4
Oscillation Amplitude (um) 10 13 16 19
Welding Speed (mm/s) 28 32 36 40
Normal Force (N) 1450 1600 1750 1900
Temperature (°F) 75 150 225 300

Location of center
longitudinal and
transverse Deposit

metallographic samples 25 mm /

Location of end
longitudinal
metallographic sample

Base plate

Figure 26: Schematic of experimental UC deposit consisting of four layers. Welding
occurred along the 100 mm direction. Metallographic sample locations are shown in the
picture.
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Table 9: Taguchi L16 Experimental Matrix

Run# | Amplitude (um) | Welding Speed (mm/s) | Normal Force (N) | Temperature (°F)
1 10 28 1450 75
2 16 40 1600 75
3 19 32 1750 75
4 13 36 1900 75
5 13 40 1750 150
6 19 28 1900 150
7 10 32 1600 150
8 16 36 1450 150
9 13 28 1600 225
10 10 36 1750 225
11 19 40 1450 225
12 16 32 1900 225
13 19 36 1600 300
14 16 28 1750 300
15 13 32 1450 300
16 10 40 1900 300

To investigate the effect of oscillation amplitude on LWD, four distinct
simulations have been carried out with an applied normal load of 1750N for 3000
deformation cycles and applied ultrasonic amplitudes of 10, 13, 16 and 19 um. The foil
thickness has been assumed to be 150 um, with an average roughness of Ra~5 um for the
top part of the bottom foil. Figure 27 shows the average gap evolution between the
mating surfaces as a function of the increasing amount of cyclic deformation. It has been
observed that the average gap no longer decreases after approximately the 10" cycle. The
average gap decreases with increasing amplitude up to 16 pm and then increases with
increasing amplitude. The LWD has not been explicitly predicted in the simulations since
the gap between the top and the bottom foils is a two-dimensional area based quantity
whereas the LWD is a one dimensional linear quantity. Therefore, the average gap has

been set as a parameter quantifying the ratio of interfacial bonded region with respect to
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the total length of the interface translating directly to LWD. A calibration between the
average gap and LWD is left for future work. The average gap shows the same trends
shown by the LWD [40], (Figure 28) first increasing and then decreasing as a function of
the applied ultrasonic amplitude. The optimum amplitude where the average gap is found
to be the least is 16 um for the applied boundary conditions. This is in good agreement
with the experiments [40] since the peak LWD has been observed at the same oscillation
amplitude of 16 um.

Effect of Normal Force: Similarly, to understand the effects of increasing normal
load on gap closure/LWD, four applied normal loading scenarios have been considered.
The applied normal loads were 1450, 1600, 1750 and 1900 N. The applied ultrasonic
amplitude was 16 um. The foil thickness and average roughness on the top part of the
bottom foil were kept at 150 um and Ra~5 um, respectively. Again, it can be seen
(Figure 29) that there is no appreciable change/decrease in the average gap as a function
of increasing cyclic deformation by the end of the 10" cycle for most cases.

It has been observed in [40] (Figure 30) that on increasing the applied normal
force the LWD increases consistent with the simulation results shown in Figure 29.
Though on further increasing the normal load beyond a certain magnitude (1750 N), the
LWD starts to decrease. The most probable reason behind this LWD decrease is increase
in the inhomogeneous plastic deformation with load near the top surface of the bottom
foil. This further leads to very high amount of dynamic recrystallization which leads to
dynamic failure of the bonded region at the interface. Therefore, it is required to

incorporate fatigue crack nucleation and growth phenomenon in the current DDCP-FEM.
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Gap Evolution as a function of Cyclic Deformation

Amp=10um
Amp=13um ||
—— Amp=16um | |
— Amp=1i9um
- 4
=
E -
&
© a1 u
15F
1}
05}
0

0 1 2 3 4 5 6 7 8 9 10
# of Deformation Cycles

Figure 27: Gap evolution (in pm) against number of deformation cycles with varying
ultrasonic shear amplitudes.
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Figure 28: Effect of processing parameters on linear weld density, LWD vs. oscillation
amplitude from [40].
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Inclusion of a fatigue phenomenon in the model that is related to applied normal
compressive load under oscillating simple shear conditions is difficult for the following
two reasons.
e The model assumes that once two nodes from the top and bottom surfaces are
in contact with each other, the surfaces will be metallurgically bonded.
e A traction-separation law to mimic crack propagation with increasing cyclic
deformation is not available from the literature.
In future work, a traction separation law will be formulated as a function of
involved fatigue damage and further crack propagation to try to capture the bond
degradation seen during experiments at higher loads.

6 Gap Evolution as a function of Cyclic Deformation
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Figure 29: Gap evolution (in um) against the number of deformation cycles with varying
normal loading scenarios.
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Figure 30: Effect of processing parameters on linear weld density, LWD vs. normal force
from [40].

In conclusion, the effects of oscillation amplitude and normal force on LWD
evolution have been correctly modeled in this section with the exception of decreasing
LWD with increasing normal force beyond a certain magnitude. Though the simulation
parameter (average gap) characterizing the bonded region has not been calibrated with
the LWD, it provides with a better heuristic for bond characterization since the interfacial

void closure is a 2 dimensional area based phenomenon.

5.3.4 Effects of Mating Surface Roughness

The initial mating surface roughness at the top surface of the bottom foil is
another important parameter for determining the amount and type of plastic deformation
at the mating interface. The reason behind a rough top surface of the bottom foil during

ultrasonic consolidation is because of the plastic work previously done by the sonotrode
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[13]. Two distinct simulations have been carried out to investigate the effects of surface
roughness.
The simulation boundary conditions are: (a) normal compressive load of 1750N,
(b) ultrasonic simple shear amplitude of 16 um, (c) Foil thickness of 150 um, and (d)
microstructure as shown in Figure 22. The top surface of the bottom foil has been
assumed to have a roughness of Ra~0.1 um in one case and Ra~5 pum in the second case.
The lower roughness scenario represents two scenarios (a) virgin foil depositing over
machined base plate and (b) virgin foil depositing over a previously deposited and
machined foil [40]. It has been observed that the foil with lower surface roughness closes
instantaneously in the first case whereas it takes around 10 deformation cycles to close
the initial mating surface gap in the second case as shown in Figure 31. This further
indicates a higher LWD in the low roughness case compared to the higher roughness
case. This result is in good agreement with Figure 5, where the LWD is higher in between
the machined base plate and virgin foil and lower in between the two layers comprising
of sonotrode driven surface damaged foils. Similarly, GND evolution in the 20 pum strip
below the interface sees a much higher rate of evolution in a higher roughness scenario
than a lower roughness scenario as shown in Figure 32, suggesting a greater amount of
subgrain formation near the top surface of the bottom foil in the former case than in the
latter case. This observation is in good agreement with the experiments (Figure 4), where
it has been observed that the top surface of the bottom foil undergoes minimal subgrain
formation since a smoother interface generally provides much less frictional resistance

and in turn a lower value of the lattice curvature. The average subgrain diameter in lower
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roughness case is ~4.29 um which is about two times more compared to higher roughness
case ~2.28 um establishing a close match with the observations shown in Figure 4 and
24, respectively.

Another important aspect is the mating interface shape, which has a higher rate of
curvature in the higher roughness scenario than a lower roughness scenario as shown in
Figure 33, after 3000 cycles. Again, this result can be validated using Figures 4 and 24
depicting the interface shapes at the end of around 3000 cycles with lower and higher
initial average roughness, Ra ~ 0.1 and 5 pum, respectively. Clearly, the mating interface
in Figure 24 shows a very high curvature and provides a good representation of the
section at the interface demarcated in Figure 33(a). Similarly, the planar interface in

Figure 4 is a representative Section of the interface demarcated in Figure 33(b).

Gap evolution as a function of roughness
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Figure 31: Gap evolution (in um) against number of deformation cycles with varying
bottom foil roughness.
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Figure 32: GND evolution in the 20 um strip below the interface against number of
deformation cycles with varying bottom foil roughness. A higher GND at this location
means more prominent subgrain formation. This result is in agreement with the
experimental observations demonstrated in Figures 4 and 24.
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Figure 33: Interface evolution against number of deformation cycles with varying bottom
foil roughness.
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5.3.5 Evidence of Closure and Relaxation at the Interface

It has been observed that the gap between the top and the bottom foil being
consolidated by UC undergoes closure and relaxation [8] based on its location at the
interface and local stress state. Since, the gap between the top and bottom foil is
prominent in the first few cycles, hence the closure-relaxation effect is also more
pronounced in the earlier cycles.

The mechanism of gap closure and relaxation as a function of location and state of
stress is summarized in Figure 34. In the first quarter cycle at the rightmost locations, the
top foil just above the interface undergoes a compressive state of stress and the bottom
foil goes through a tensile state of stress. Also, at this point in time, the top foil at the
leftmost locations just above the interface sees a tensile state of stress and the bottom foil
sees compressive stresses. Henceforth, the gap closes at an appreciable rate for the
rightmost locations of the interface whereas it remains the same or slightly increases for
the leftmost locations. In between the first quarter and half cycle, the top foil at the
rightmost locations just above the interface develops a tensile state of stress whereas the
bottom sees a compressive state of stress. Hence, the gap at these locations increase
whereas the gap at the leftmost locations close because the top foil just above the
interface develops a compressive state of stress and the bottom experiences tensile
stresses. The gaps at the leftmost locations continue to close because of the continued
state of stresses in the top and bottom foils in the vicinity of the interface for the time
between the half cycle and the last quarter of the complete cycle. Meanwhile at the

rightmost locations, the top foil again starts seeing a compressive state of stress and the
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bottom foil experiences a tensile state of stress leading to gap closure. This state of stress
continues for the rightmost locations in the last quarter of the complete cycle leading to
further closure of the gap at these times. On the contrary, in the last quarter of the
complete cycle, the leftmost locations again start seeing a tensile state of stress in the top
foil and compressive stresses in the bottom foil leading to gap increase or gap relaxation.

It is very essential to take gap closure and relaxation mechanism into account
while the UC machine is in operation since it aids in deciding the optimum amplitude
required for proper deposition of virgin foils over previously deposited foils/machined
substrate. If the sonotrode horn is operated at lower amplitudes then the transverse
locations at which gap closure occurs, the interfacial contact rate is lower than the
optimum leading to a lower rate of average gap minimization and lower LWD. Similarly
for very high amplitudes, the transverse locations at which gap relaxation happens, the
interfacial distance between the foils increase at a faster rate than the optimum again
leading to a lower rate of average rate of gap minimization and lower LWD. Henceforth,
the optimum amplitude for average rate of gap minimization and LWD is achieved at an
amplitude of 16 um as discussed in Section 5.3.3.

In future work, the weld speed will be explicitly applied as a boundary condition
with applied normal compressive load and oscillation amplitude. It is anticipated that at
the longitudinal locations ahead of the sonotrode, the top foil at the vicinity of the
interface will experience a compressive state of stress whereas the bottom foil will
experience a tensile state of stress causing the longitudinal interfacial gap to close. On the

contrary, at the longitudinal locations behind the sonotrode, the top foil at the vicinity of
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the interface will experience a tensile state of stress, whereas the bottom foil will
experience a compressive state of stress causing the longitudinal gap to either remain
closed (since the gap have already been closed due to transverse oscillatory motion of the
sonotrode) or to rip open if a high enough weld speed is applied. Henceforth, a higher

weld speed should decrease the LWD as the gaps behind the sonotrodes start to rip open.
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Figure 34: The gap closure and relaxation as a function of location and applied loading at
the mating interface. The arrows denote the direction of applied simple shear in a
deformation cycle. The schematic represents the first cycle of UC deformation since the
closure/relaxation mechanism is most pronounced in the transient stages.

Another reason behind decreasing LWD with increasing welding speed is that the
exposure time of the transverse weld cross-section to the sonotrode decreases with a

higher welding speed leading to incomplete bonding. The combined effect of gap closure

and relaxation in the longitudinal direction along with incomplete bonding time on
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increasing welding speed has already been investigated and established in [40] (Figure

35). It is clear from Figure 35 that the LWD decreases on increasing the welding speed.
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Figure 35: Effect of processing parameters on linear weld density, LWD vs.
from [40].
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CHAPTER 6

SUMMARY, CONCLUSIONS, AND FUTURE WORK

6.1 Summary

The present study provides a computational procedure to simulate the ultrasonic
consolidation process. The model incorporates mesoscopic volume effects such as
dislocation hardening due to interactions between mobile and forest dislocations, mobile
and anti-parallel Burgers vectors, dislocation softening due to athermal and thermal
annihilation of edge dislocations, and accoustic softening. Similarly, surface effects such
as thermal softening and friction hardening at the material interfaces leading to subgrain
fragmentation are also incorporated.

The model correlates the mesoscopic aggregate dislocation variables with
macroscopic applied boundary conditions. Henceforth, the model provides a fundamental
physics and materials based understanding of the UC process. The model, in conclusion,
attempts to solve the following problems related to UC processing:

e A need to rely on mechanism-based understandings of the effects of
processing parameters on interfacial characteristics of the materials being
consolidated by UC.

e Extensive optimization experiments at varying processing parameters for a
given set of materials to be bonded by UC. Computational modeling efforts
will dramatically reduce the need for full factorial studies of processing

parameters.
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e Trial and error optimization of sonotrode design and surface texturing using
laser etching and electrical discharge machining.

e The need for significant experimentation to determine the suitability of new

materials for UC processing. The predictions based on computational

modeling will be faster than rigorous experiments required for testing new

materials with UC and also provide enhanced cost-effectiveness.

6.2 Conclusions
The accuracy of the model has been tested based on its prediction of the
deformation behavior for simple boundary conditions namely simple shear, uniaxial
tension applied to single crystalline and polycrystalline aluminum and its alloy variants,
and more complex boundary conditions comprised of simultaneous simple shear and
normal compressive force applied to polycrystalline Al 3003 alloy. The conclusions
based on model validation are as follows:
e Single crystalline aluminum based simple shear results match average shear
stress-strain response, GND evolution and size effects as demonstrated in [6].
The average shear stress-strain response shows a 3 stage hardening
mechanism comprised of single slip system activity in the first stage, multiple
slip system activity in the second stage and dislocation saturation and cross
slip in the third stage. A higher magnitude and rate of GND evolution is seen
at the top and bottom of the sample undergoing simple shear confirming
higher amount of inhomogeneous plastic deformation at these material

surfaces compared to the bulk. This effect further leads to size effects since
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the surface to volume ratio is higher for short samples compared to long
samples which results in higher average shear stress for shorter samples than
longer samples.

Uniaxial tension results for a random polycrystalline sample of A13003-H18
alloy matches pretty well with the average stress-strain response observed
during the experiments [10] with slight discrepancies (see Section 5.2.2.1).

A higher normal force causes better bonding at the mating interface though
beyond a certain magnitude, it enhances a very high amount of in-
homogeneous plastic deformation at the top surface of the bottom foil causing
severe grain fragmentation and dynamic fatigue failure. This is further
reflected in LWD evolution where the LWD first increases with increase in
normal force and decrease beyond a certain magnitude [40].

A higher amplitude enhances better bonding at the interface. Although beyond
a certain magnitude, it enhances the rate of gap relaxation to be prominent
compared to the rate of gap closure leading to lack of fusion at the interface.
The gap closure and gap relaxation are directly and inversely proportional to
LWD evolution respectively. Therefore, it has been predicted that the LWD
would first increase with the oscillation amplitude and thereafter decrease
beyond a certain magnitude. This prediction is consistent with the simulation
results [40].

A higher welding speed is beneficial from the point of view of quick

deposition of virgin foils on top of a previously deposited foil(s)/machined



86
base plate. Although with increasing welding speed, the rate of gap relaxation
at longitudinal locations behind the sonotrode becomes significant leading
these closed gaps to rip open. Also, a higher welding speed leads to less
exposure time of the transverse weld cross-Section to the sonotrode. This

combined effect further results in lack of fusion at the interface and a lower

LWD as manifested in [40].

6.3 Future Work

The current model is able to predict the deformation response during UC

processing but requires some more validation to be realized as an efficient tool for

material and parameter optimization in UC. The future accomplishments required in this

paradigm are as follows:

To incorporate welding speed as a third simultaneous applied load alongwith
normal force and oscillation amplitude.

To incorporate more number of foils getting deposited on top of each other
and their sequential consolidation. While doing this, the virgin foil for
deposition will be assumed to have minimal initial GND and standard initial
SSD content whereas for the previously dposited foils all the mesoscopic
deformation variables such as SSD and GND will be stored from previous
deposition instant and applied as initial condition for the fresh deposition.

To formulate a traction-separation law which can quantify the delamination of

foils as a function of applied normal and simple shear loading. This is



87
important from the point of view of optimizing the weld speed required to
avoid crack propagation due to fatigue after bond formation.

To perform Orientation Imaging Microscopy (OIM) of the as-obtained and
post-consolidated UC-foils to generate realistic microstructures required for
realistic simulations.

To formulate a homogenized model based on current DDCP-FEM to predict
the deformation during processing and in-service conditions. This is important
since it will help in optimizing the initial orientation for the product build.

To use the homogenized crystal plasticity model and non-destructive
engineering metrics for runtime closed-loop control (feed-forward and feed-

back) of the UC machine.

In its current form, the model is still under development and has to be validated

for other crystalline types such as single and polycrystalline variants of body centered

cubic (BCC) materials such as Molybdenum and Tantalum, hexagonal close packed

(HCP) materials such as Titanium and mixed alloys containing both HCP and BCC

counterparts such as Ti6Al4V. These alloys have been already demonstrated as potential

materials for UC practice, though the biggest challenges to model these existing and new

alloys which may serve as potential materials for UC are as follows:

Determination of the active slip systems. For HCP and BCC, because of their
limited slip system activity, the active slip systems are a function of schmid
factor (projection of loading axis on the slip system) and temperature.

Therefore, the active slip systems can either be obtained from experiments and
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theoretical explanations provided in the literature, phase field modeling or
insitu TEM experiments in which the resolved shear strain evolution can be
monitored.

e Incorporation of mesoscopic deformation mechanisms for example Nickel
based superalloys such as Inconel 718 demonstrates significant twin activity
[51] and BCC materials exhibit peierls resistance to mobile dislocation motion
[73].

e Determination of mesoscopic material parameters (Q’s and ¢’s shown in Table
5).

e UC fabricated simple parts to validate model predictions.
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BUNGE-EULER ANGLES FOR UNIAXIAL TENSION OF AL-3003 H-18

This appendix is comprised of the Bunge-Euler angle triad (ZXZ) for each element in the
material geometry. The triad ZXZ means that any point undergoing sequential rotations
by the three angles namely ®; @, and @, along Z, X and Z axis respectively completely
specifies its orientation with respect to an arbitrary reference. The entire geometry
contains 648 elements and 24 cubic grains. The Bunge-Euler angles have been obtained

by generating random numbers in the closed interval [2m, 7T, 27].

Table A.1 Bunge-Euler Angle Distribution for Polycrystalline Al1-3003 H-18

®,(in ® (in @, (in
Element # radians) radians) radians)
1 2.093777 2.379513 1.307702
2 2.093777 2.379513 1.307702
3 2.093777 2.379513 1.307702
4 6.157331 0.421652 6.063769
5 6.157331 0.421652 6.063769
6 6.157331 0.421652 6.063769
7 2.093777 2.379513 1.307702
8 2.093777 2.379513 1.307702
9 2.093777 2.379513 1.307702
10 6.157331 0.421652 6.063769
11 6.157331 0.421652 6.063769
12 6.157331 0.421652 6.063769
13 2.093777 2.379513 1.307702
14 2.093777 2.379513 1.307702
15 2.093777 2.379513 1.307702
16 6.157331 0.421652 6.063769
17 6.157331 0.421652 6.063769
18 6.157331 0.421652 6.063769
19 5.449176 1.658069 1.766643
20 5.449176 1.658069 1.766643
21 5.449176 1.658069 1.766643
22 0.788038 2.731204 5.417345




23 0.788038 2.731204 5.417345
24 0.788038 2.731204 5.417345
25 5.449176 1.658069 1.766643
26 5.449176 1.658069 1.766643
27 5.449176 1.658069 1.766643
28 0.788038 2.731204 5.417345
29 0.788038 2.731204 5.417345
30 0.788038 2.731204 5.417345
31 5.449176 1.658069 1.766643
32 5.449176 1.658069 1.766643
33 5.449176 1.658069 1.766643
34 0.788038 2.731204 5.417345
35 0.788038 2.731204 5.417345
36 0.788038 2.731204 5.417345
37 2.093777 2.379513 1.307702
38 2.093777 2.379513 1.307702
39 2.093777 2.379513 1.307702
40 6.157331 0.421652 6.063769
41 6.157331 0.421652 6.063769
42 6.157331 0.421652 6.063769
43 2.093777 2.379513 1.307702
44 2.093777 2.379513 1.307702
45 2.093777 2.379513 1.307702
46 6.157331 0.421652 6.063769
47 6.157331 0.421652 6.063769
48 6.157331 0.421652 6.063769
49 2.093777 2.379513 1.307702
50 2.093777 2.379513 1.307702
51 2.093777 2.379513 1.307702
52 6.157331 0.421652 6.063769
53 6.157331 0.421652 6.063769
54 6.157331 0.421652 6.063769
55 5.449176 1.658069 1.766643
56 5.449176 1.658069 1.766643
57 5.449176 1.658069 1.766643
58 0.788038 2.731204 5.417345
59 0.788038 2.731204 5.417345
60 0.788038 2.731204 5.417345
61 5.449176 1.658069 1.766643
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62 5.449176 1.658069 1.766643
63 5.449176 1.658069 1.766643
64 0.788038 2.731204 5.417345
65 0.788038 2.731204 5.417345
66 0.788038 2.731204 5.417345
67 5.449176 1.658069 1.766643
68 5.449176 1.658069 1.766643
69 5.449176 1.658069 1.766643
70 0.788038 2.731204 5.417345
71 0.788038 2.731204 5.417345
72 0.788038 2.731204 5.417345
73 2.093777 2.379513 1.307702
74 2.093777 2.379513 1.307702
75 2.093777 2.379513 1.307702
76 6.157331 0.421652 6.063769
77 6.157331 0.421652 6.063769
78 6.157331 0.421652 6.063769
79 2.093777 2.379513 1.307702
80 2.093777 2.379513 1.307702
81 2.093777 2.379513 1.307702
82 6.157331 0.421652 6.063769
83 6.157331 0.421652 6.063769
84 6.157331 0.421652 6.063769
85 2.093777 2.379513 1.307702
86 2.093777 2.379513 1.307702
87 2.093777 2.379513 1.307702
88 6.157331 0.421652 6.063769
89 6.157331 0.421652 6.063769
90 6.157331 0.421652 6.063769
91 5.449176 1.658069 1.766643
92 5.449176 1.658069 1.766643
93 5.449176 1.658069 1.766643
94 0.788038 2.731204 5.417345
95 0.788038 2.731204 5.417345
96 0.788038 2.731204 5.417345
97 5.449176 1.658069 1.766643
98 5.449176 1.658069 1.766643
99 5.449176 1.658069 1.766643
100 0.788038 2.731204 5.417345
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101 0.788038 2.731204 5.417345
102 0.788038 2.731204 5.417345
103 5.449176 1.658069 1.766643
104 5.449176 1.658069 1.766643
105 5.449176 1.658069 1.766643
106 0.788038 2.731204 5.417345
107 0.788038 2.731204 5.417345
108 0.788038 2.731204 5.417345
109 2.048483 0.458611 6.17746
110 2.048483 0.458611 6.17746
111 2.048483 0.458611 6.17746
112 5.754532 0.845419 6.161202
113 5.754532 0.845419 6.161202
114 5.754532 0.845419 6.161202
115 2.048483 0.458611 6.17746
116 2.048483 0.458611 6.17746
117 2.048483 0.458611 6.17746
118 5.754532 0.845419 6.161202
119 5.754532 0.845419 6.161202
120 5.754532 0.845419 6.161202
121 2.048483 0.458611 6.17746
122 2.048483 0.458611 6.17746
123 2.048483 0.458611 6.17746
124 5.754532 0.845419 6.161202
125 5.754532 0.845419 6.161202
126 5.754532 0.845419 6.161202
127 2.088466 0.415005 4.553361
128 2.088466 0.415005 4.553361
129 2.088466 0.415005 4.553361
130 0.438451 0.472141 5.819646
131 0.438451 0.472141 5.819646
132 0.438451 0.472141 5.819646
133 2.088466 0.415005 4.553361
134 2.088466 0.415005 4.553361
135 2.088466 0.415005 4.553361
136 0.438451 0.472141 5.819646
137 0.438451 0.472141 5.819646
138 0.438451 0.472141 5.819646
139 2.088466 0.415005 4.553361
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140 2.088466 0.415005 4.553361
141 2.088466 0.415005 4.553361
142 0.438451 0.472141 5.819646
143 0.438451 0.472141 5.819646
144 0.438451 0.472141 5.819646
145 2.048483 0.458611 6.17746
146 2.048483 0.458611 6.17746
147 2.048483 0.458611 6.17746
148 5.754532 0.845419 6.161202
149 5.754532 0.845419 6.161202
150 5.754532 0.845419 6.161202
151 2.048483 0.458611 6.17746
152 2.048483 0.458611 6.17746
153 2.048483 0.458611 6.17746
154 5.754532 0.845419 6.161202
155 5.754532 0.845419 6.161202
156 5.754532 0.845419 6.161202
157 2.048483 0.458611 6.17746
158 2.048483 0.458611 6.17746
159 2.048483 0.458611 6.17746
160 5.754532 0.845419 6.161202
161 5.754532 0.845419 6.161202
162 5.754532 0.845419 6.161202
163 2.088466 0.415005 4.553361
164 2.088466 0.415005 4.553361
165 2.088466 0.415005 4.553361
166 0.438451 0.472141 5.819646
167 0.438451 0.472141 5.819646
168 0.438451 0.472141 5.819646
169 2.088466 0.415005 4.553361
170 2.088466 0.415005 4.553361
171 2.088466 0.415005 4.553361
172 0.438451 0.472141 5.819646
173 0.438451 0.472141 5.819646
174 0.438451 0.472141 5.819646
175 2.088466 0.415005 4.553361
176 2.088466 0.415005 4.553361
177 2.088466 0.415005 4.553361
178 0.438451 0.472141 5.819646
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179 0.438451 0.472141 5.819646
180 0.438451 0.472141 5.819646
181 2.048483 0.458611 6.17746
182 2.048483 0.458611 6.17746
183 2.048483 0.458611 6.17746
184 5.754532 0.845419 6.161202
185 5.754532 0.845419 6.161202
186 5.754532 0.845419 6.161202
187 2.048483 0.458611 6.17746
188 2.048483 0.458611 6.17746
189 2.048483 0.458611 6.17746
190 5.754532 0.845419 6.161202
191 5.754532 0.845419 6.161202
192 5.754532 0.845419 6.161202
193 2.048483 0.458611 6.17746
194 2.048483 0.458611 6.17746
195 2.048483 0.458611 6.17746
196 5.754532 0.845419 6.161202
197 5.754532 0.845419 6.161202
198 5.754532 0.845419 6.161202
199 2.088466 0.415005 4.553361
200 2.088466 0.415005 4.553361
201 2.088466 0.415005 4.553361
202 0.438451 0.472141 5.819646
203 0.438451 0.472141 5.819646
204 0.438451 0.472141 5.819646
205 2.088466 0.415005 4.553361
206 2.088466 0.415005 4.553361
207 2.088466 0.415005 4.553361
208 0.438451 0.472141 5.819646
209 0.438451 0.472141 5.819646
210 0.438451 0.472141 5.819646
211 2.088466 0.415005 4.553361
212 2.088466 0.415005 4.553361
213 2.088466 0.415005 4.553361
214 0.438451 0.472141 5.819646
215 0.438451 0.472141 5.819646
216 0.438451 0.472141 5.819646
217 0.913099 2.99872 0.078855
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218 0.913099 2.99872 0.078855
219 0.913099 2.99872 0.078855
220 3.702754 0.957969 0.426216
221 3.702754 0.957969 0.426216
222 3.702754 0.957969 0.426216
223 0.913099 2.99872 0.078855
224 0.913099 2.99872 0.078855
225 0.913099 2.99872 0.078855
226 3.702754 0.957969 0.426216
227 3.702754 0.957969 0.426216
228 3.702754 0.957969 0.426216
229 0.913099 2.99872 0.078855
230 0.913099 2.99872 0.078855
231 0.913099 2.99872 0.078855
232 3.702754 0.957969 0.426216
233 3.702754 0.957969 0.426216
234 3.702754 0.957969 0.426216
235 1.052847 0.15619 1.323801
236 1.052847 0.15619 1.323801
237 1.052847 0.15619 1.323801
238 2.874276 2416168 1.820195
239 2.874276 2416168 1.820195
240 2.874276 2416168 1.820195
241 1.052847 0.15619 1.323801
242 1.052847 0.15619 1.323801
243 1.052847 0.15619 1.323801
244 2.874276 2416168 1.820195
245 2.874276 2416168 1.820195
246 2.874276 2416168 1.820195
247 1.052847 0.15619 1.323801
248 1.052847 0.15619 1.323801
249 1.052847 0.15619 1.323801
250 2.874276 2416168 1.820195
251 2.874276 2416168 1.820195
252 2.874276 2416168 1.820195
253 0.913099 2.99872 0.078855
254 0.913099 2.99872 0.078855
255 0.913099 2.99872 0.078855
256 3.702754 0.957969 0.426216
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257 3.702754 0.957969 0.426216
258 3.702754 0.957969 0.426216
259 0.913099 2.99872 0.078855
260 0.913099 2.99872 0.078855
261 0.913099 2.99872 0.078855
262 3.702754 0.957969 0.426216
263 3.702754 0.957969 0.426216
264 3.702754 0.957969 0.426216
265 0.913099 2.99872 0.078855
266 0.913099 2.99872 0.078855
267 0.913099 2.99872 0.078855
268 3.702754 0.957969 0.426216
269 3.702754 0.957969 0.426216
270 3.702754 0.957969 0.426216
271 1.052847 0.15619 1.323801
272 1.052847 0.15619 1.323801
273 1.052847 0.15619 1.323801
274 2.874276 2416168 1.820195
275 2.874276 2416168 1.820195
276 2.874276 2416168 1.820195
277 1.052847 0.15619 1.323801
278 1.052847 0.15619 1.323801
279 1.052847 0.15619 1.323801
280 2.874276 2416168 1.820195
281 2.874276 2416168 1.820195
282 2.874276 2416168 1.820195
283 1.052847 0.15619 1.323801
284 1.052847 0.15619 1.323801
285 1.052847 0.15619 1.323801
286 2.874276 2416168 1.820195
287 2.874276 2416168 1.820195
288 2.874276 2416168 1.820195
289 0.913099 2.99872 0.078855
290 0.913099 2.99872 0.078855
291 0.913099 2.99872 0.078855
292 3.702754 0.957969 0.426216
293 3.702754 0.957969 0.426216
294 3.702754 0.957969 0.426216
295 0.913099 2.99872 0.078855
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296 0.913099 2.99872 0.078855
297 0.913099 2.99872 0.078855
298 3.702754 0.957969 0.426216
299 3.702754 0.957969 0.426216
300 3.702754 0.957969 0.426216
301 0.913099 2.99872 0.078855
302 0.913099 2.99872 0.078855
303 0.913099 2.99872 0.078855
304 3.702754 0.957969 0.426216
305 3.702754 0.957969 0.426216
306 3.702754 0.957969 0.426216
307 1.052847 0.15619 1.323801
308 1.052847 0.15619 1.323801
309 1.052847 0.15619 1.323801
310 2.874276 2416168 1.820195
311 2.874276 2416168 1.820195
312 2.874276 2416168 1.820195
313 1.052847 0.15619 1.323801
314 1.052847 0.15619 1.323801
315 1.052847 0.15619 1.323801
316 2.874276 2416168 1.820195
317 2.874276 2416168 1.820195
318 2.874276 2416168 1.820195
319 1.052847 0.15619 1.323801
320 1.052847 0.15619 1.323801
321 1.052847 0.15619 1.323801
322 2.874276 2416168 1.820195
323 2.874276 2416168 1.820195
324 2.874276 2416168 1.820195
325 2.093777 2.379513 1.307702
326 2.093777 2.379513 1.307702
327 2.093777 2.379513 1.307702
328 6.157331 0.421652 6.063769
329 6.157331 0.421652 6.063769
330 6.157331 0.421652 6.063769
331 2.093777 2.379513 1.307702
332 2.093777 2.379513 1.307702
333 2.093777 2.379513 1.307702
334 6.157331 0.421652 6.063769
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335 6.157331 0.421652 6.063769
336 6.157331 0.421652 6.063769
337 2.093777 2.379513 1.307702
338 2.093777 2.379513 1.307702
339 2.093777 2.379513 1.307702
340 6.157331 0.421652 6.063769
341 6.157331 0.421652 6.063769
342 6.157331 0.421652 6.063769
343 5.449176 1.658069 1.766643
344 5.449176 1.658069 1.766643
345 5.449176 1.658069 1.766643
346 0.788038 2.731204 5.417345
347 0.788038 2.731204 5.417345
348 0.788038 2.731204 5.417345
349 5.449176 1.658069 1.766643
350 5.449176 1.658069 1.766643
351 5.449176 1.658069 1.766643
352 0.788038 2.731204 5.417345
353 0.788038 2.731204 5.417345
354 0.788038 2.731204 5.417345
355 5.449176 1.658069 1.766643
356 5.449176 1.658069 1.766643
357 5.449176 1.658069 1.766643
358 0.788038 2.731204 5.417345
359 0.788038 2.731204 5.417345
360 0.788038 2.731204 5.417345
361 2.093777 2.379513 1.307702
362 2.093777 2.379513 1.307702
363 2.093777 2.379513 1.307702
364 6.157331 0.421652 6.063769
365 6.157331 0.421652 6.063769
366 6.157331 0.421652 6.063769
367 2.093777 2.379513 1.307702
368 2.093777 2.379513 1.307702
369 2.093777 2.379513 1.307702
370 6.157331 0.421652 6.063769
371 6.157331 0.421652 6.063769
372 6.157331 0.421652 6.063769
373 2.093777 2.379513 1.307702
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374 2.093777 2.379513 1.307702
375 2.093777 2.379513 1.307702
376 6.157331 0.421652 6.063769
377 6.157331 0.421652 6.063769
378 6.157331 0.421652 6.063769
379 5.449176 1.658069 1.766643
380 5.449176 1.658069 1.766643
381 5.449176 1.658069 1.766643
382 0.788038 2.731204 5.417345
383 0.788038 2.731204 5.417345
384 0.788038 2.731204 5.417345
385 5.449176 1.658069 1.766643
386 5.449176 1.658069 1.766643
387 5.449176 1.658069 1.766643
388 0.788038 2.731204 5.417345
389 0.788038 2.731204 5.417345
390 0.788038 2.731204 5.417345
391 5.449176 1.658069 1.766643
392 5.449176 1.658069 1.766643
393 5.449176 1.658069 1.766643
394 0.788038 2.731204 5.417345
395 0.788038 2.731204 5.417345
396 0.788038 2.731204 5.417345
397 2.093777 2.379513 1.307702
398 2.093777 2.379513 1.307702
399 2.093777 2.379513 1.307702
400 6.157331 0.421652 6.063769
401 6.157331 0.421652 6.063769
402 6.157331 0.421652 6.063769
403 2.093777 2.379513 1.307702
404 2.093777 2.379513 1.307702
405 2.093777 2.379513 1.307702
406 6.157331 0.421652 6.063769
407 6.157331 0.421652 6.063769
408 6.157331 0.421652 6.063769
409 2.093777 2.379513 1.307702
410 2.093777 2.379513 1.307702
411 2.093777 2.379513 1.307702
412 6.157331 0.421652 6.063769
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413 6.157331 0.421652 6.063769
414 6.157331 0.421652 6.063769
415 5.449176 1.658069 1.766643
416 5.449176 1.658069 1.766643
417 5.449176 1.658069 1.766643
418 0.788038 2.731204 5.417345
419 0.788038 2.731204 5.417345
420 0.788038 2.731204 5.417345
421 5.449176 1.658069 1.766643
422 5.449176 1.658069 1.766643
423 5.449176 1.658069 1.766643
424 0.788038 2.731204 5.417345
425 0.788038 2.731204 5.417345
426 0.788038 2.731204 5.417345
427 5.449176 1.658069 1.766643
428 5.449176 1.658069 1.766643
429 5.449176 1.658069 1.766643
430 0.788038 2.731204 5.417345
431 0.788038 2.731204 5.417345
432 0.788038 2.731204 5.417345
433 2.048483 0.458611 6.17746
434 2.048483 0.458611 6.17746
435 2.048483 0.458611 6.17746
436 5.754532 0.845419 6.161202
437 5.754532 0.845419 6.161202
438 5.754532 0.845419 6.161202
439 2.048483 0.458611 6.17746
440 2.048483 0.458611 6.17746
441 2.048483 0.458611 6.17746
442 5.754532 0.845419 6.161202
443 5.754532 0.845419 6.161202
444 5.754532 0.845419 6.161202
445 2.048483 0.458611 6.17746
446 2.048483 0.458611 6.17746
447 2.048483 0.458611 6.17746
448 5.754532 0.845419 6.161202
449 5.754532 0.845419 6.161202
450 5.754532 0.845419 6.161202
451 2.088466 0.415005 4.553361
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452 2.088466 0.415005 4.553361
453 2.088466 0.415005 4.553361
454 0.438451 0.472141 5.819646
455 0.438451 0.472141 5.819646
456 0.438451 0.472141 5.819646
457 2.088466 0.415005 4.553361
458 2.088466 0.415005 4.553361
459 2.088466 0.415005 4.553361
460 0.438451 0.472141 5.819646
461 0.438451 0.472141 5.819646
462 0.438451 0.472141 5.819646
463 2.088466 0.415005 4.553361
464 2.088466 0.415005 4.553361
465 2.088466 0.415005 4.553361
466 0.438451 0.472141 5.819646
467 0.438451 0.472141 5.819646
468 0.438451 0.472141 5.819646
469 2.048483 0.458611 6.17746
470 2.048483 0.458611 6.17746
471 2.048483 0.458611 6.17746
472 5.754532 0.845419 6.161202
473 5.754532 0.845419 6.161202
474 5.754532 0.845419 6.161202
475 2.048483 0.458611 6.17746
476 2.048483 0.458611 6.17746
477 2.048483 0.458611 6.17746
478 5.754532 0.845419 6.161202
479 5.754532 0.845419 6.161202
480 5.754532 0.845419 6.161202
481 2.048483 0.458611 6.17746
482 2.048483 0.458611 6.17746
483 2.048483 0.458611 6.17746
484 5.754532 0.845419 6.161202
485 5.754532 0.845419 6.161202
486 5.754532 0.845419 6.161202
487 2.088466 0.415005 4.553361
488 2.088466 0.415005 4.553361
489 2.088466 0.415005 4.553361
490 0.438451 0.472141 5.819646
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491 0.438451 0.472141 5.819646
492 0.438451 0.472141 5.819646
493 2.088466 0.415005 4.553361
494 2.088466 0.415005 4.553361
495 2.088466 0.415005 4.553361
496 0.438451 0.472141 5.819646
497 0.438451 0.472141 5.819646
498 0.438451 0.472141 5.819646
499 2.088466 0.415005 4.553361
500 2.088466 0.415005 4.553361
501 2.088466 0.415005 4.553361
502 0.438451 0.472141 5.819646
503 0.438451 0.472141 5.819646
504 0.438451 0.472141 5.819646
505 2.048483 0.458611 6.17746
506 2.048483 0.458611 6.17746
507 2.048483 0.458611 6.17746
508 5.754532 0.845419 6.161202
509 5.754532 0.845419 6.161202
510 5.754532 0.845419 6.161202
511 2.048483 0.458611 6.17746
512 2.048483 0.458611 6.17746
513 2.048483 0.458611 6.17746
514 5.754532 0.845419 6.161202
515 5.754532 0.845419 6.161202
516 5.754532 0.845419 6.161202
517 2.048483 0.458611 6.17746
518 2.048483 0.458611 6.17746
519 2.048483 0.458611 6.17746
520 5.754532 0.845419 6.161202
521 5.754532 0.845419 6.161202
522 5.754532 0.845419 6.161202
523 2.088466 0.415005 4.553361
524 2.088466 0.415005 4.553361
525 2.088466 0.415005 4.553361
526 0.438451 0.472141 5.819646
527 0.438451 0.472141 5.819646
528 0.438451 0.472141 5.819646
529 2.088466 0.415005 4.553361
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530 2.088466 0.415005 4.553361
531 2.088466 0.415005 4.553361
532 0.438451 0.472141 5.819646
533 0.438451 0.472141 5.819646
534 0.438451 0.472141 5.819646
535 2.088466 0.415005 4.553361
536 2.088466 0.415005 4.553361
537 2.088466 0.415005 4.553361
538 0.438451 0.472141 5.819646
539 0.438451 0.472141 5.819646
540 0.438451 0.472141 5.819646
541 0.913099 2.99872 0.078855
542 0.913099 2.99872 0.078855
543 0.913099 2.99872 0.078855
544 3.702754 0.957969 0.426216
545 3.702754 0.957969 0.426216
546 3.702754 0.957969 0.426216
547 0.913099 2.99872 0.078855
548 0.913099 2.99872 0.078855
549 0.913099 2.99872 0.078855
550 3.702754 0.957969 0.426216
551 3.702754 0.957969 0.426216
552 3.702754 0.957969 0.426216
553 0.913099 2.99872 0.078855
554 0.913099 2.99872 0.078855
555 0.913099 2.99872 0.078855
556 3.702754 0.957969 0.426216
557 3.702754 0.957969 0.426216
558 3.702754 0.957969 0.426216
559 1.052847 0.15619 1.323801
560 1.052847 0.15619 1.323801
561 1.052847 0.15619 1.323801
562 2.874276 2416168 1.820195
563 2.874276 2416168 1.820195
564 2.874276 2416168 1.820195
565 1.052847 0.15619 1.323801
566 1.052847 0.15619 1.323801
567 1.052847 0.15619 1.323801
568 2.874276 2416168 1.820195
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569 2.874276 2416168 1.820195
570 2.874276 2416168 1.820195
571 1.052847 0.15619 1.323801
572 1.052847 0.15619 1.323801
573 1.052847 0.15619 1.323801
574 2.874276 2.416168 1.820195
575 2.874276 2416168 1.820195
576 2.874276 2416168 1.820195
577 0.913099 2.99872 0.078855
578 0.913099 2.99872 0.078855
579 0.913099 2.99872 0.078855
580 3.702754 0.957969 0.426216
581 3.702754 0.957969 0.426216
582 3.702754 0.957969 0.426216
583 0.913099 2.99872 0.078855
584 0.913099 2.99872 0.078855
585 0.913099 2.99872 0.078855
586 3.702754 0.957969 0.426216
587 3.702754 0.957969 0.426216
588 3.702754 0.957969 0.426216
589 0.913099 2.99872 0.078855
590 0.913099 2.99872 0.078855
591 0.913099 2.99872 0.078855
592 3.702754 0.957969 0.426216
593 3.702754 0.957969 0.426216
594 3.702754 0.957969 0.426216
595 1.052847 0.15619 1.323801
596 1.052847 0.15619 1.323801
597 1.052847 0.15619 1.323801
598 2.874276 2416168 1.820195
599 2.874276 2416168 1.820195
600 2.874276 2416168 1.820195
601 1.052847 0.15619 1.323801
602 1.052847 0.15619 1.323801
603 1.052847 0.15619 1.323801
604 2.874276 2416168 1.820195
605 2.874276 2416168 1.820195
606 2.874276 2416168 1.820195
607 1.052847 0.15619 1.323801
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608 1.052847 0.15619 1.323801
609 1.052847 0.15619 1.323801
610 2.874276 2416168 1.820195
611 2.874276 2416168 1.820195
612 2.874276 2416168 1.820195
613 0.913099 2.99872 0.078855
614 0.913099 2.99872 0.078855
615 0.913099 2.99872 0.078855
616 3.702754 0.957969 0.426216
617 3.702754 0.957969 0.426216
618 3.702754 0.957969 0.426216
619 0.913099 2.99872 0.078855
620 0.913099 2.99872 0.078855
621 0.913099 2.99872 0.078855
622 3.702754 0.957969 0.426216
623 3.702754 0.957969 0.426216
624 3.702754 0.957969 0.426216
625 0.913099 2.99872 0.078855
626 0.913099 2.99872 0.078855
627 0.913099 2.99872 0.078855
628 3.702754 0.957969 0.426216
629 3.702754 0.957969 0.426216
630 3.702754 0.957969 0.426216
631 1.052847 0.15619 1.323801
632 1.052847 0.15619 1.323801
633 1.052847 0.15619 1.323801
634 2.874276 2416168 1.820195
635 2.874276 2416168 1.820195
636 2.874276 2416168 1.820195
637 1.052847 0.15619 1.323801
638 1.052847 0.15619 1.323801
639 1.052847 0.15619 1.323801
640 2.874276 2416168 1.820195
641 2.874276 2416168 1.820195
642 2.874276 2416168 1.820195
643 1.052847 0.15619 1.323801
644 1.052847 0.15619 1.323801
645 1.052847 0.15619 1.323801
646 2.874276 2416168 1.820195
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2. Characterization (Computational and Experimental) of Nickel based superalloys
Time: Fall 2007 — Fall 2009

Place: THE OHIO STATE UNIVERSITY, Columbus, Ohio

Type of work: PHD project

Title: PHD Candidate

Project Coutesy: AFRL, GE Aircraft Engines, Pratt and Whitney

To computationally characterize the superalloy, constitutive laws for deformation of
these alloys and FCC crystals in general, are derived at the dislocation density scales
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a given deformation plane to observe the evolution of various physically based model
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The precursor material, Graphite through subsequent oxidation and reduction results in
one nano-meter thick graphene sheet composites in polystyrene matrix. Sheets are hot-
pressed to obtain composite blocks for further investigation. Characterizations involve
Fourier Transform Infrared Spectroscopy for identifying chemical bond signatures,
Atomic Force Microscopy for determining the thickness and surface profile of the
graphitic oxide, and four point probe for conductivity measurements of the composite
blocks. These nanographene polystyrene composites may serve as cheap replacements to
Single-Walled carbon NanoTube (SWNT) polymer composites in electrical applications.
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Co-workers: Mahesh Talari, Venu Gopal (PhD scholars) (Serving as Professors in Shah
Alam, Malaysia and Monash, Australia respectively)

Produced nano-alumina composites in copper matrices for replacement of copper based
electrical connectors because of their manyfold hardness and higher conductivity.
Experimental skills learnt were Optical, Transmission, Scanning and Atomic Force
microscopy; EDAX; and microhardness testing at lower loads.

7. Weld Profile construction using Fluent®

Time: Fall 2005

Place: Indian Institute of Technology Madras, Chennai, India
Type of work: Assigned Mini-Project

Adyvisors: Dr. Gandham Phanikumar

Generation of weld zone temperature profiles of a CP (Commercially Pure)-Aluminium
block using Fluent® software. The conduction and convection (Maragnoni criterion)
have been employed and checked against already available Rosenthal solution and its
modifications for moving and non-moving heat sources.

8. a) Investigations on hot deformation of Zr-2.5Nb-0.5Cu alloy

b) Studies on fatigue behavior of SS 304 steels

¢) Studies on equichannel Angular pressed (ECAP) Al-1.4Mg alloy
Time: Summer 2004

Place: Bhabha Atomic Research Center, Bombay, India

Type of work: Summer Internship

Adyvisors: Dr. J K Chakrabortty, Dr. Rajeev Kapoor, Mr. J S dubey

a) Modeled the hot deformation of Zr-2.5Nb-0.5Cu alloy in the strain rate range of 10%s™
to 10s™, temperature range of 650-1050°C and to a strain of 0.5.

b) Calculation of various empirical parameters for simulating fatigue crack growth in
pipes made of AISI 304LN (Low Carbon, High Nitrogen) and their weldments. The pipes
had a nominal bore diameter of 6" and 12" respectively.

c) Studied the deformation behavior of an Al-1.4Mg alloy subjected to equal channel
angular pressing.
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