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(a)

(b)

Fig. B.10: SEM microstructures of directly welded Al 3003/brass: (a) Three layers of brass
over Al 3003, (b) Al 3003/brass interface at a higher magnification.
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sufficient ultrasonic energy at the interface.

In another method, a layer of SS 347 was initially directly welded to Al 3003. Following

this, two more SS 347 layers were deposited with each of them being directly welded to

previously deposited SS 347 layer. The first SS 347 layer appeared to bond well to the Al

3003 substrate, but subsequent microstructural examination showed that these materials

did not bond quite satisfactorily (Fig. B.12) but merely deformed to produce relatively

intimate contact. The top two SS 347 layers completely came off the deposit indicating

inadequate bonding between the SS 347 layers.

While Fe-base alloys were reported to be ultrasonically weldable to themselves and to

Al alloys (O’Brien, 1991), the current study indicates that the bonding achievable between

SS 347 and Al 3003 is not good enough for fabrication of functional multi-material parts.

Further, fabrication of SS 347 parts using ultrasonic consolidation looks even more challeng-

ing considering the lack of bonding between SS 347 layers. Further deposition experiments

after careful process parameter optimization and detailed microstructural studies are nec-

essary to assess the bonding potential between SS 347 to itself and to Al 3003.

Al 3003/SS Mesh

Experiments with an Al 3003/SS mesh combination were conducted using the direct

welding method. The method consisted of depositing a few layers of Al alloy 3003 and then

placing a layer of SS mesh on the Al 3003 deposit, and running the ultrasonic head directly

over the SS mesh. Following this, a layer of Al 3003 was deposited on the SS mesh. The

SEM microstructures of the deposit thus made are shown in Fig B.13. As in the case for

fiber embedment, plastic flow of the matrix material is critical for successful embedment of

the mesh. Microstructural observation revealed excellent metal flow into the gaps of the SS

mesh between the Al 3003 layers, resulting in good physical/mechanical bonding between

the Al 3003 matrix and SS mesh. Also, passage of the ultrasonic head over the mesh even

at a relatively high normal force level (1750 N) did not damage the original wire weaving

arrangement of the mesh (Fig B.13(a)). However, the SS mesh was not metallurgically
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(a) (b)

(c)

Fig. B.11: SEM microstructures of indirectly welded Al 3003/SS 347: (a) SS 347 layer
sandwiched between Al 3003 layers, (b) Al 3003 top layer/SS 347 interface at a higher
magnification, and (c) SS 347/Al 3003 bottom layer interface at a higher magnification.
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Fig. B.12: SEM microstructure at the interface of directly welded SS 347(first layer)/Al
3003.
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bonded to the Al 3003 matrix, as evidenced by a clearly discernible narrow physical gap

that existed between Al 3003 and the SS mesh (shown by white arrows in Fig B.13(b)).

It was observed that the wire elements of the mesh became metallurgically bonded

to their neighbors during the deposition process. This can be seen in Fig B.13(b) (black

arrows), where the circular wire cross-sections present a featureless interface with the sine

wave-like horizontal wire. This indicates that SS 304 can be ultrasonically bonded to itself,

making it a candidate material for part fabrication using ultrasonic consolidation. Further

deposition experiments using SS 304 foils are necessary to confirm this.

Multi-material ultrasonic consolidation

Although further work is considered necessary, the deposition and characterization pro-

cedures adopted in this study are appropriate for a preliminary assessment of the potential

for multi-material part fabrication. Of the dissimilar material combinations studied, only

two, Al 3003/brass and Al 3003/SS 347, appeared to be problematic. The lack of bonding in

these cases is not entirely understood, but may be improved through more effective deposi-

tion techniques. Further, more detailed microstructural and microchemical characterization

of the interfaces is necessary for comprehensively assessing the bond quality in most cases.

Another important aspect for future work is process parameter optimization. In the

current work, process parameters were not fine-tuned to maximize bonding between Al

3003 and the second materials. Each material combination requires a unique set of process

parameters for achieving optimal bonding because of the varying physical, chemical and

mechanical characteristics of the materials and their surface oxides. Determination of such

process parameter combinations necessitates rigorous experimentation with parameter vari-

ations, which is a time-consuming task. When the right combination of process parameters

is chosen for each material combination, it may be possible to achieve better results than

the ones presented in this work.

The current work amply demonstrates that multi-material parts, including fiber-reinforced

metal matrix composites, can be successfully fabricated using the UC process. It shows that
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(a)

(b)

Fig. B.13: SEM microstructures of Al 3003/SS mesh: (a) SS mesh embedded between
Al 3003 layers, (b) Al 3003/SS mesh interface at a higher magnification. The featureless
interface between SS 304 wire elements is shown by black arrows, and the interfacial defects
between Al 3003/SS mesh are shown by white arrows.
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the process can be successfully extended to a wide range of engineering materials. This flex-

ibility in terms of part material in combination with the multi-material capabilities opens

tremendous opportunities for the UC process. While this is so, the current commercially

available UC machines need to be modified to facilitate fully automated fabrication of multi-

material structures. For example, a suitable mechanism for simultaneous automated tape

feeding of multiple materials must be in place. In addition, further developments in the

areas of computer aided design and data representation methods are necessary for efficiently

handling multi-material situations in UC as well as in other additive manufacturing pro-

cesses (Liu et al., 2004).

B.4 Summary

Fabrication of multi-material parts presents a significant challenge. In this context,

the UC process, by virtue of its inherent process characteristics, is quite promising. The

current work examined the capacities of the process for fabrication of multi-material parts.

A number of engineering materials were utilized in combination with Al alloy 3003, used as

the bulk part material. Studies show that Al-Cu alloys, Al matrix composites, and Ni-based

alloys can be ultrasonically welded to Al alloy 3003 and vice versa with excellent interfacial

characteristics. Successful embedment of SiC fibers and a stainless steel wire mesh in Al

alloy 3003 matrix was also demonstrated. AISI 347 stainless steel and brass did not weld

well to Al alloy 3003 using the parameters chosen for this study. However, better results

may be possible with the right process parameters. Overall, the current work shows that

multi-material part fabrication out of materials with widely differing physical, chemical and

mechanical characteristics is more than a mere possibility with UC.
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This appendix includes all required permissions for publication of the papers presented

as chapters and appendices of this dissertation.
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