Samples that grew cracks through weld layers of the faster/thinner/T3 feedstock
build (orientations -1 and -3) did not as-prominently exhibit layer artifacts compared to the
welded build but did display very jagged fractures and slight layer artifacts. Importantly, it
was observed that samples from this build with crack growth orientation parallel to weld
travel exhibited extremely pronounced onion ring tool marks, similar to those seen in the
tensile test samples. This is shown in the figures 3.36 and 3.37 below and on the next page
and emphasizes the severity of the lack of plunge force with this build. It appears that from
the nominal pre-crack plane, the fracture itself jumped to a close, under-plunged plane of
weakness and continued the propagation along this plane. The general fracture resistance

of these samples was still high regardless of the process fault.

Fig. 3.36 Fracture appearance of thinner/faster/T3 build from side view
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Pre-crack

Fig. 3.37 Inner face fracture surfaces of the thinner/faster/T3 FSAM
build
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3.6 Summary Of Results

3.6.1

3.6.2

3.6.3

Weld Process

Overall temperature and response forces were the highest in the thicker/slower/cast
build.

Though the thicker cast build had shorter total weld length compared to the thinner
builds, it still contained the total highest build energy

The responses for the two thinner builds were similar, however the T3 build showed

slightly greater values.

Metallography Analysis

All build cross sections appeared uniform and free of major defects

The thicker/slower/cast build resulted in a cold lap defect-free useable nugget width
of 8 mm

A CLD-free usable nugget width of 7.2 mm was established for the thinner/faster
cast build

The thinner/faster/T3 build was found to have been manufactured incorrectly but

no CLD was observed in this build using macrographic methods

Hardness Analysis

All builds presented inhomogeneous hardness distributions

Much of the PWHT nugget when examined through lap layers exceeded cast and
T3 base strength—However, areas of low hardness were found distributed through

the build depth
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3.6.4

3.6.5

These reported minimum values were located at the transition zones in between lap
weld layers. These areas also did not recover strength with the post-weld heat
treatment

The thicker/slower cast build displayed the most consistent hardness distribution in
both as-welded and with a PWHT. This is likely due to more of the nugget held

above the solution heat treating temperature during the welding process

Tensile Analysis
Builds exhibited multiple strain concentrations throughout the tensile samples

o Located at the weaker minimum-hardness transition zones
Largely, tensile performance was less than that of base cast 2050, 2050-T3, and
2050-T8 with both ultimate tensile strength and average elongation
Of the three builds, the highest UTS was achieved in the as-welded
thicker/slower/cast build. Largest average elongation was observed in the
thinner/faster/cast build in as-welded condition
Process underplunge tool marks were observed on the tensile fracture surfaces of

the T3 build samples

Fracture Analysis

In general, fracture resistance of welded samples was higher than that of monolithic

2050-T8
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The slower/thicker/cast build demonstrated the highest fracture resistance of the
FSAM builds and both thinner builds showed similar fracture resistance and crack
growth

Fracture behavior of these FSAM builds showed dependence of crack growth
orientation with respect to welding direction—interaction of strong/weak interfaces
with crack growth demonstrates behavior characteristic of composites

Surfaces of the T3 build revealed the extent of process-related underplunge
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CHAPTER 4

FSAM BEAM FINITE ELEMENT ANALYSIS

4.1 Introduction

The previous chapters detailed properties of friction stir additively manufactured
builds with cast and T3 feedstock materials. However, visualizing the behavior of a full-
size fabricated component under load is almost impossible without constructing it, and
even then, investigations of the complex internal stress behavior would require further
investigation. For this application, nonlinear three-dimensional finite element analysis
(FEA) with ANSYS Mechanical 14.0 was chosen to analyze two beams models: one of
monolithic 2050-T8 and the other made with the FSAM lap welding process. The behavior

of these models could be useful in further understanding this additive process.

4.2 Approach and Model Setup
4.2.1 Material Properties

The thicker/slower/cast build was chosen to populate the FSAM material property
data for this analysis, with the beam cross section taken from the weld nugget as shown in
Fig. 4.1. The PWHT microhardness results from the previous section were used to
approximate local yielding properties within the beam: due to the hardness distributions

found with this build, average hardness values were assigned to a total of twenty-five
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separate sections. Hardness and yield strength were known for 2050-T3 and 2050-T8, so a
linear relationship was used to extrapolate yield strength of the small areas having
knowledge of their individual hardness assignments. A diagram of the relationship is

shown in Fig. 4.2.

10 mm

Figure 4.1 Sample beam cross section taken
from thicker/slower/cast FSAM build

600

2050-T8
500 -

400 -

300 - 2050-T3

Extrapolated data

Yield Stress, MPa

200 -

100 - . . . .
80 100 120 140 160 180 200

Hardness, HV

Figure 4.2 Hardness and yield strength relationship for
AA2050 tempers
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Final sections are displayed in Figure 4.3 below—associated yield strengths are
given in Table 4.1. It is noticeable that some of these values are quite low compared to
2050-T3 vyield strength of 250 MPa. Material properties of the 2050-T8 beam were
determined from tensile tests and results from literature. Displayed in Table 4.2, these

values were implemented in the user-defined material properties.

Table 4.1 Yield strength

approximations 24:2220. 18 Jo21 23>
16 17
Section  Est. yield strength MPa N 2 'd
1 283 3
4

2 326
3 226 3
4 180 e
5 372 7

8
6 196 )
7 409 1

11
8 279 T
9 347 J 13
10 196 %’
11 415
12 215 _ _ _
13 202 Figure 4.3 Portioned cross sectional areas
14 145
15 488
16 434 Table 4.2 AA2050-T8 Material Properties
17 434
18 287 Yield strength, MPa 493
19 287 Ultimate tensile strength, MPa 540
20 349
21 349 Young’s modulus, GPa 76
22 299 Tangent modulus, MPa 787.6
23 299
24 346
25 346
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Specifically, the tangent modulus, ET, of T8 temper material was determined by the linear
relationship between the yield strength and ultimate tensile strength of the material and

elongations at these stresses. This is shown in Equation 4.1 below.

O — O
ET=-"27Y Eq. 4.1
€y — Cy

4.2.2 Geometry

A simple I-beam cross section was chosen for the test geometry for both models.
Shown in Figure 4.4, the width of the flanges was established at 75 mm across. The web
and flange thickness were 10 mm, with a total beam length of 500 mm. A moderate radius
was applied to the web/flange connection to reduce stress concentration and potential

convergence issues arising from sharp edges.

75 —p
— — () mm
N F S (T
(2.5 mm
R Smm
2z J o ¥ S
— 10w

Fig 4.4 Beam cross sectional geometries
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4.2.3 Boundary conditions

This analysis was performed as a point-load cantilever beam model. As illustrated
in Figure 4.5, one end was given a fixed boundary condition, and the other free end had an
applied force. The load within this analysis was determined to be 53 kN, calculated to be
beyond the point of outer fiber yielding within a T8 beam with the previously determined
material properties. The intent with these loading conditions is to analyze the nonlinear

conditions within the beams after the elastic regime.

Fixed end

Applied force
at free end

Fig 4.5 Cantilever I-beam system

4.3 Mesh And Refinement
4.3.1 Meshing Method and Convergence

An initial mesh for both beams was given a starting element size of 5 mm,
comparable to that shown Figure 4.6 for the FSAM beam. The load and fixed end

conditions were applied, and the initial analysis was performed. A variety of test points
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L Saa— ES—
20,00 60.00

Fig. 4.10 Fixed-end von Mises stresses of the T8 model at max load

0.00 40.00 80.00 {rmmm)
[ EEaaaa—— [ SS—
20,00 60.00

Fig. 4.11 Fixed-end von Mises stresses of the FSAM model at max load
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Internal von Mises equivalent stresses for both models were analyzed at test points
throughout the cross section at 100 mm from the fixed end as displayed in Figure 4.12.
Each test point was placed at 5 mm increments apart. The exact values of stress at the time
of maximum loading are given in Table 4.3. The stress distributions for both models are

visualized in Figures 4.13 and 4.14.

*C1

s s s s = * s s = & & = o
T1 - T14

Fig. 4.12 Internal test point locations for both beam models

0.00 40.00 80,00 {mrm)
L SEaSaaaa— ESSSS—
20,00 60.00

Fig. 4.13 Internal stresses of T8 model 100 mm from fixed end at max load
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20.00

60.00

80.00 {mm)

Fig. 4.14 Internal stresses of FSAM model 100 mm from fixed end at max load

Table 4.3 Internal von Mises stresses at test points — maximum load

Stress, MPa
Location FSAM 2050-T8 Location FSAM 2050-T8 Location FSAM 2050-T8

T1 370.7 338 B1 377.6 339.5 C1 284.4 369.7
T2 365.2 338.1 B2 376.7 339.7 C2 325.7 327.7
T3 346.1 338.4 B3 375.6 340.2 C3 305.9 292.6
T4 299.5 339 B4 374.4 340.8 C4 274.3 261.2
T5 344.5 339.8 B5 373.2 341.7 C5 226.1 225.6
T6 344.2 340.7 B6 372.4 342.4 C6 202.0 191.7
T7 287.8 340.4 B7 369.5 342.7 C7 173.5 162.9
T8 325.8 340.4 B8 369.5 342.4 Cc8 150.9 142.5
T9 344.2 340.7 B9 372.4 342.5 Cc9 138.6 134.5
T10 3445 339.8 B10 373.2 341.7 C10 140.4 140.8
Ti1 299.5 339 B11 374.4 340.8 Ci11 157.0 159.9
T12 346.1 338.4 B12 375.6 340.2 C12 185.0 188
T13 365.1 338.1 B13 376.7 339.7 C13 220.7 221.6
T14 370.6 338 B14 377.6 339.5 Cil4 215.3 256.8

C15 201.9 228.2

C16 352.1 324.6

C17 392.4 369.6
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Internally, the T8 beam exhibits symmetrical stress distribution with minimum
stress at the centroid and maximums at the outer fibers of the flanges that do not exceed
the yield strength. It is evident that the FSAM model experiences higher stresses in the
bottom flange compared to the T8 beam. The top flange stress values were shown of a
broader spread than the T8 values which were uniform. Several sections shown within the
dotted lines of Figure 4.14 were also observed to contain stresses above their assigned yield
strengths. These were not only located on the outer flanges, but at the connections between

web and flanges.

4.4.2 After Unloading

The models were again analyzed after the maximum load was removed. Final
deformations of the two beams after unloading are given in Figures 4.15 and 4.16. The T8
beam appears to have almost no final deformation as a result of this load/unload cycle.
However, the FSAM beam results in a final plastic deformation of 5.4 mm. This is further
explored in the load-deformation plot of Figure 4.17. With this applied load, the FSAM
beam exhibits the largest deformation in both the loading and unloaded steps with
considerable plastic deformation. However, the T8 beam remains almost elastic with a final

deformation of 0.0094 mm
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Fig. 4.15 AA2050-T8 beam model final deformation
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Fig. 4.16 FSAM beam model final deformation
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Fig. 4.17 Load-deformation behavior of both beam models

Residual von Mises stresses at the fixed end cross sections are shown in Figures
4.18 and 4.19 on the next page. Concentrated stress is observed at the corners of both builds
however this could partially be caused by sharp edges of the geometry at these locations.
The stress at these points also does not exceed the yield strength of the material. The T8
model does retain small amounts of stress after unloading, but not to the degree of the
FSAM beam. Many sections within the welded build contain considerable amounts of
residual stress. Sections 18 and 19 of the top flange experience concentrations at the outer

fibers that are above their respective yield strengths.
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Fig. 4.18 Residual stress at the fixed end of the T8 beam model

0.00 30.00 £0.00 {mrm)
I .

15.00 43.00

Fig. 4.19 Residual stress at the fixed end of the FSAM model
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Internal residual stress at 100 mm from the fixed end can be observed in Figures
4.20 and 4.21 and also further analyzed at the test points in Table 4.4. Some residual
stresses are observed with the 2050-T8 beam, but they are minimal. It is evident that
internally, stresses remain within many sections of the welded beam at this location from
the fixed end. Most importantly, the stress observed at the base of the web in section 14
exceeds the yield strengths of this section due to the assigned properties of this location.

The T8 model in comparison contains negligible residual internal stress at the time of

unloading.

A:T3-T8 beam

Equivalent Stress

Type: Equivalent {von-Mises) Stress
Unit: MPa

Time: 2

371572019 2:01 PM

L 1355¢-002 2 [1.635e-002 2

399.71 Max
355.3

266.47 1.4915e-002

1.0736e-5 Min

‘ b ) 1.4987e-002 d 1.793e-002 Z

0.00 40.00 80.00 {mrm)
L E— ES—
20,00 60.00

Fig. 4.20 Internal stresses of the T8 model after unloading
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Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 2

372172019 12:03 PM

428.9 Max
38124

0.00067321 Min

0.00 30.00 60,00 (mrm)
I 00— 000

15.00 45,00

Fig. 4.21 Internal stresses of the FSAM model after unloading

Table 4.4 Internal von Mises stresses at test points —Unloaded

Stress, MPa
Location FSAM 2050-T8 Location FSAM  2050-T8 Location FSAM  2050-T8

T1 37.6 0.017 Bl 34.7 0.015 C1 94.0 0.019
T2 34.2 0.012 B2 34.2 0.010 C2 17.4 0.016
T3 22.5 0.017 B3 335 0.014 C3 25.3 0.022
T4 40.1 0.018 B4 32.9 0.015 C4 31.2 0.015
T5 115 0.019 B5 32.4 0.015 C5 26.6 0.016
T6 9.0 0.020 B6 34.2 0.014 C6 35.3 0.016
T7 16.6 0.018 B7 325 0.014 C7 34.8 0.015
T8 16.6 0.018 B8 32.4 0.011 C8 34.0 0.015
T9 9.0 0.020 B9 34.1 0.014 C9 334 0.015
T10 115 0.018 B10 32.4 0.013 C10 32.8 0.014
T11 40.1 0.017 B11 32.9 0.013 Cl11 32.4 0.014
T12 22.5 0.016 B12 335 0.013 C12 32.0 0.013
T13 34.2 0.011 B13 34.2 0.013 C13 31.8 0.013
T14 37.6 0.013 B14 34.7 0.014 Cil4 83.6 0.013

C15 128.8 0.016

C16 36.7 0.012

C17 21.8 0.021
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4.5 Conclusions

Mechanical properties of a friction stir additive manufacturing build were used to
populate a FEA beam model and compared to an identical beam made from 2050-T8. The
FSAM model properties were determined by grouping sections of similar microhardness
and then assigned corresponding yield strengths assuming AA2050 temper property
relationships.

With the same load and geometry, the welded beam showed significant residual
stress and plastic deformation as a result of the loading and unloading cycles. Importantly,
after the load was removed some of the sections within the beam and away from the fixed
end experienced residual stresses above their assigned yield strengths. However, the T8

beam did not exhibit severe plastic deformation or major residual stresses.
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CHAPTERS

CONCLUSIONS

The use of opposing, double weld passes is an effective strategy to reduce the

retreating side CLD in friction stir lap welds

Resulting inhomogeneous hardness distribution of FSAM builds with this
aluminum alloy creates areas of lower strength which do not recover with the
applied PWHT.

a. Strain concentrates, and eventual failure occurs at these low-hardness areas

under tensile load

Fracture behavior of FSAM is much like that of a composite—There is a noticeable

relationship of crack growth orientation with respect to welding direction/lap layers

as a result of the inhomogeneous hardness distributions

There is not a significant disadvantage to using cast AA2050 feedstock with the

FSAM process compared to the use of AA2050-T3
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From the current investigations at this point, this AM process is not well suited to
industrial applications intending to replace wrought materials such as AA2050-T3
or AA2050-T8. Further exploration is required with this process to explore its

potential technology readiness.
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CHAPTER 6

FUTURE RECOMMENDATIONS

Microstructural characterization of the FSAM materials could be performed to
examine grain size and precipitate phases throughout in order to further explore the
properties of friction stir lap welded additive manufacturing with the current alloy or

investigate other alloys for their FSAM potential.

It may also be prudent to investigate alternative heat treatments or explore aging times

for FSAM hardness recovery with AA2050.

Determine local yield strengths from DIC tensile results, and assign these to the FEA

model sections for more accurate analysis

Conduct in-depth fractography and characterization of tensile and fracture test

surfaces to investigate the mechanics of the current build failures

Perform a cost-benefit analysis of FSAM compared to other additive processes and

current industry methods involving subtractive manufacturing
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1.0000

0375%84 set screw
fFor pin length odjustiment

ROO400

APPENDIX A

25 MM PIN DIMENSIONS

Pirt

07300 1.4000 1.5000

sCrew

0180* Scrall pitch
Cut 0045 deep
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for 1 inch with flot kotton
2-13
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b— L7800
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ROO700

Threod pin 1o Grind 3 flats
173 threodssmm ot 120 deg
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00330

2 Set screw
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ad justoble Pin
4-17-03

Taol Metericl HIZ tool steel
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980 deg C For E0 nin oil quench
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Heot treot 1o 52 Rc
660 deg C for 1 hour

Fraoperty of University of South Caroling
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APPENDIX B

12.85 MM PIN DIMENSIONS

| t ’ ] | ! FSW Tool for 057
]..0?00 0.380 0.5000 1125 1.250 ﬁdju‘_—:-tflkjl\&’ Pif"l
: —— 1-23-03

3/8'x24 set screw
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AT — )
AL
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— La00—
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01607 Scroll plich

Cut 00457 deep Set plh lehath
wlth 0.0623" hose 't; UF}_S:.”]Q
radlus tool, T

@ — 1,35 —
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APPENDIX C

TENSILE SAMPLE GEOMETRY

- 3.6000 -
R0.1875—
10,3200 !
T ) i
0.5090

~W~t;>ﬁomﬁ*i |
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APPENDIX D

COMPACT TENSION COUPON GEOMETRY

I &0 mm —
mm 75mm
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APPENDIX E

WELD PROCESS FEEDBACK OF THICKER/SLOWER/CAST BUILD

X Max  Torque

Layer - Force Y Force  ZForce  Steady State Temp Power
T ° kw
pass (Ib) (Ibf) (Ibr) emp (°C) °C) (N-m) (kW)
Layer 1-1 1,723 3,564 12,002 501 512 373 7.8
Layer 1-2 2,400 3,964 12,000 517 531 382 8
Layer 2-1 1,694 3,927 12,002 503 522 371 7.8
Layer 2-2 2,071 3,678 12,004 519 527 383 8
Layer 3-1 1,634 3,192 12,001 506 554 384 8
Layer 3-2 2,303 4,196 12,007 515 525 387 8.1
Layer 4 -
1 2,373 2,829 12,000 540 556 383 8
2050-T3
Layer 4-2
2,171 3,618 12,001 527 531 396 8.3
2050-T3
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APPENDIXF

WELD PROCESS FEEDBACK OF THINNER/FASTER/CAST BUILD

X Force Y Force Z Force Steady State Teri\X Torque
Layer- weld pass (Ibg) (Ibg) (Ibg) Temp (°C) R C)p (N-m) Power, KW

Layer 1-1 896 1216 7000 483 511 167 44
Layer 1-2 897 1423 7000 487 505 162 492
Layer 2-1 780 1212 7000 481 501 164 43
Layer 2-2 1011 1323 7000 490 501 163 43
Layer 3-1 809 1241 7000 480 498 170 45
Layer 3-2 816 1433 7000 487 501 168 44
Layer 4 -1 889 1218 6999 483 505 164 43
Layer 4-2 939 1400 6999 490 512 162 42
Layer 5-1 729 1183 6999 486 502 161 492
Layer 5-2 788 1382 7000 492 503 160 492
Layer 6-1 657 1277 7000 483 496 167 44
Layer 6-2 1164 1436 7000 491 497 164 43
Layer 7-1

1656 2290 6999 480 514 155 41
(2050-T3) ’
Layer 7-2

1028 1456 6999 497 503 165 43
(2050-T3) '
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APPENDIX G

WELD PROCESS FEEDBACK OF THINNER/FASTER/T3 BUILD

Layer- weld X (IT sf;ce v (T gf;ce z g ggce S:—Ze::g ;tg;e Tl\f/;;); Torque (N-m) Power,

pass QS kw
Layer 1-1 1557 1747 7501 493 508 170.3 45
Layer 1-2 1116 1111 7501 496 503 178.8 4.7
Layer 2-1 1656 2060 7499 488 503 161.4 »
Layer 2-2 840 994 7499 500 507 169.7 44
Layer 3-1 1388 1961 7500 488 501 160.1 42
Layer 3-2 776 987 7500 499 506 168.2 »
Layer 4 -1 1462 2084 7500 488 509 159.2 42
Layer 4-2 940 1000 7499 499 509 168.4 44
Layer 5-1 1503 2176 7501 483 502 165.0 43
Layer 5-2 908 995 7499 498 508 171.2 i
Layer 6-1 1499 2237 7500 485 501 160.2 42
Layer 6-2 961 1058 7500 499 506 168.1 44
Layer 7-1 1463 2193 7501 489 505 157.8 43
Layer 7-2 930 1023 7499 502 506 166 44
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