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STF5; and the corresponding structures with 10wt%TiC are STR10 and STF10. Table 6.5
shows the member (oa, oc and ac illustrated in Fig. 6.3) sizes for each of the fabricated

structures.

k. B3 0B

Figure 6.11: Defect on a VV-groove joint design.

Figure 6.12: LENS fabricated dual-material minimum weight structure.
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Table 6.6: Member Sizes for Fabricated Minimum Weight Structures

Structure Sample Member width (mm) Thickness
oa oc ac

STR5 1 8.00 4.00 6.00 3.20
2 8.00 4.00 6.00 3.20
3 8.00 4.00 6.00 3.20

STF5 1 7.14 3.57 6.40 4.00
2 7.14 3.57 6.40 3.60
3 7.14 3.57 6.40 4.00

STR10 1 8.00 4.00 5.50 2.90
2 8.00 4.00 5.50 3.00
3 8.00 4.00 5.50 2.84

STF10 1 7.00 3.50 4.77 3.25
2 7.00 3.50 4.77 3.35
3 7.00 3.50 4.77 3.39

Table 6.7: Failure Loads (kN)

Structure Samples Average
1 2 3

STR5 13.87 7.44 12.77 11.36

STF5 21.3 13.06 18.14 17.50

STR10 14.2 11.81 13.25 13.08

STF10 12.1 13.76 14.96 13.61

Table 6.8: Stresses (MPa) Acting on the Tension Members at the Time of Failure

Structure Samples Average
1 2 3

STR5 511 274 470 418.33

STF5 588 401 501 496.67

STR10 630 506 600 578.67

STF10 552 609 654 605.00
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Table 6.9: Strain Energy Densities (MJ/m®) Data for LENS Fabricated Minimum
Weight Structures

Structure Samples Average
1 2 3

STR5 6.28 6.71 591 6.30

STF5 134 451 4.71 7.54

STR10 10.3 4.72 7.64 7.56

STF10 6.86 9.30 9.51 8.56

Stress on the Tension Members at Failure

700
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Figure 6.13: Stresses on the tension members at failure.

The load F (as illustrated in Fig. 6.3) applied at the time of failure for each
structure is shown in Table 6.7. Table 6.8 shows the stress on the tension members at
failure, while Table 6.9 shows the calculated strain energy density for each structure. The
strain energy densities were calculated by dividing the area under the load-displacement

curve by the volume of the respective structures. The areas were obtained by numerical
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integration using the data generated during testing. The load applied at failure for both
5wt%TiC and 10wt%TiC material structures, seen graphically in Fig. 6.13, are close in
value, although they are not directly comparable. The stresses on the tension members
(ac or ab in Fig. 6.3) for each structure are shown in Table 6.8 and Fig. 6.13. The stress
in each member at the point of failure was calculated by normalizing the resolved load
(based on Table 6.1 relationships) with respect to cross-sectional area.

STR10 and STF10 structures failed at slightly higher stresses in the tension
members than corresponding STR5 and STF5 structures. The stress values are about
50% of the tensile strength of the respective materials. The tensile strengths as
experimentally determined are shown in Table 6.10. It is noteworthy that no failure
occurred at the joints in any of the structures. As shown in Fig. 6.14, the strain energy
densities for the structures based upon the applied design criteria have close values. The
maximum stiffness structures have slightly higher average strain energy densities than
maximum strength structures. This could be in part because of the fact that the structures
failed at relatively low stresses. To achieve failure at higher stresses for this LENS
fabricated structures and more accurate assessment of their performance based on the two
design criteria, the differences between compression and tension member sizes for each
material system must be more than shown in Table 6.8. This can be achieved with higher
stiffness ratio between the compression and tension members. Table 6.10 shows the

mechanical properties of the materials used.
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Strain Energy Density Distribution for Structures
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Figure 6.14: Strain energy densities at failure.

Table 6.10: Average Tensile Properties of Materials Used

Material Yield strength Tensile strength Modulus
(MPa) (MPa) (GPa)
Ti6Al4V 1072 1169 111
Ti6AI4V/5wit%TiC 985 1099 114
Ti6AI4V/10wt%TiC 1089 1196 154

(a): Failure at a tension member on an STR10 structure.

Figure 6.15: Fracture locations in LENS fabricated minimum weight structures.
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(b): Failure at the flange obtained in most structures.

6.4  Conclusions

It has been shown experimentally in this work that transition joint design does not
have significant effect on the flexural strengths of LENS fabricated dual-material
structures made of compatible materials. In contrast, it has significant effect on their
tensile strengths. V-grooved and randomly interlocked joint designs yielded poor tensile
strengths when compared to interlocked, butt, gradient and scarf joints. Among the later
four design types, the interlock design yielded the best average tensile strength. It also
performed well under flexural loading. However, any of the four designs can be used for
structural applications. Interlock transition joint designs helps in relieving the buildup of
residual stresses and minimizing the formation and propagation of cracks in the transition
joints in dual-material structures. None of the LENS fabricated minimum weight
structures fail at the material transition joints under 3-point loading conditions. This work
has shown that several different types of joint designs can work reliably for multi-

material components.
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statistically significant effects on their tensile strengths. Structures with interlocked
transition joint design yielded the highest average tensile strength value of 1146 MPa,
while v-groove and random joints respectively yielded the lowest strength values of 939

MPa and 875 MPa.

7.2 Conclusions

7.2.1 Multi-Material Bonding Using Ultrasonic Consolidation

The multi-material capabilities of additive manufacturing technologies using
ultrasonic consolidation and laser-engineered net shaping have been demonstrated in this
work. It has been proven that a wide range of materials can be bonded to fabricate multi-
material structures. Within the limits of the process parameters of the Solidica
Formation™ used, most of the face centered cubic (FCC) crystal structured materials
investigated bonded well with themselves and other FCC materials. It was also found
that the ability to plastically deform at least one of a combination of materials is a major
requirement for successful UC fabrication of multi-material structures. The possibility of
local composition control within a limited area of a structure was demonstrated by
successfully embedding fine boron particles in UC structures. This can be an initial step
for further processing like heat treatments.
7.2.2 Optimization of the Shear Strengths of Ti/Al

3003 Dual-Material Structures

The bond strengths of Ti/Al 3003 characterized using lap shear testing show that
the strengths of as-consolidated structures can be significantly improved by subjecting

them to suitable heat treatments. It was found that a 30-minute oven annealing yielded
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about twice the shear strength of as-consolidated materials. Longer heat treatment times
degraded the strength of the structures. Post consolidation heat treatment synergizes the
complex geometry and multi-material capabilities of UC with the good bond strengths
obtainable with diffusion bonding. This is especially good for heat treatable material
combinations.
7.2.3 Minimizing Defects Between Adjacent

Consolidated Foils

UC fabricated structures have some associated intra-layer and interlayer bonding
defects. Several authors have been able to develop optimum sets of parameters for
specific materials that are able to eliminate or minimize the occurrence of interlayer
bonding defects to improve the linear welding density. In this work, it was discovered
that optimizing foil overlap settings in a UC machine can minimize the occurrence of
edge-to-edge intra-layer gap defects. In complex load carrying structures, it is difficult to
avoid stresses in the transverse orientation to the consolidation direction. The optimized
overlap setting in the standard Al 3003 foils used for automatic feeds in a Solidica
Formation™ machine was found to yield microstructures with the lowest defect
incidence and good structure strengths in the transverse direction.
7.2.4 Multi-Material Minimum Weight Structures

Fabrication Using UC

Most UC fabricated multi-material structure research studies have been limited to
investigations of dissimilar materials that can be welded to each other. They are mostly
characterized using different metallographic methods. Methodologies for fabricating

actual multi-material structures was developed using MetPreg® and titanium embedded in
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Al 3003 matrix materials without the use of any special fixtures like rotary tables. Dual-
material minimum weight structures were fabricated and tested to verify their load
carrying capabilities. In comparison to structures made of the matrix material only, both
titanium and MetPreg based dual-material structures were found to yield statistically
significantly higher strain energy densities at failure. The outcome of the study shows
that UC can be used for fabricating multi-material components for structural applications.
7.2.5 Characterization of the Strengths of LENS

Fabricated Dual-Material Joints

Successful fabrication of multi-materials using fusion based technologies has
been a challenge. Differences in physical properties and chemical compositions often
result in cracks at the material joints during fabrication. In this work, different material
transition joints were designed and fabricated for Ti6Al4V and Ti6Al4V/10wt%TiC dual-
materials. The results of flexural tests show that there is no statistically significant
difference in the strength of the structures using any of the transition joint designs.
However, there is evidence through tests to show that the material transition joint designs
have significant effects on the tensile strengths of the structures. Randomly interlocked
and v-groove transition joint designs performed poorly in comparison to butt, gradient,
interlocked and scarf joints.

Ti6AI4V and Ti6Al4V/10%wt%TiC dual-material structures with a combination
of butt and scarf joints were found to develop cracks at any point beyond the eighth layer
during deposition. The use of Ti6AI4V interlayers at an interval of every four layers of

Ti6Al4V/10wt%TiC minimized the cracking problems.
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7.3  Recommendations
Based on the knowledge gained in this work the following recommendations have

been considered necessary for their applications and further work.

7.3.1 Use of Interlayer Materials

With Solidica Formation™ machine used in this work, none of the BCC and HCP
structured materials bonded well to each other. Interlayer materials were used to bond
them to each other. It is believed that with higher ultrasonic energy, those harder
materials can be bonded to each other. However, where higher capacity machines are
unavailable, suitable materials can be used as interlayer between difficult to joint
materials of interest. The interlayer materials should be such that will not negatively
affect the functionality of the two principal materials been bonded. In most cases, the

interlayer material can bond well with each of the principal materials.

7.3.2 Improving the Bond Strengths of UC Structures

Improved bonding strength in ultrasonically consolidated structures can be
achieved by subjecting them to suitable heat treatment. The structures must initially be
well bonded ultrasonically before subsequent heat treatment. This will eliminate the need
for pressure application during heat treatment. Post-consolidation treatment brings about
a synergy of the benefits of the complex geometries possible with additive manufacturing

and the strong bonding achievable with diffusion bonding processes.

7.3.3 Reinforcement Materials for UC Structures
Where possible, ductile reinforcing materials are recommended in place of brittle

ones in complex UC fabricated multi-material structures for load bearing applications.
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The more ductile materials have capabilities to enhance plastic deformation on members
with foil edge-to-edge joints. As failures are more likely to occur at the foil edge-to-edge
joints on stressed members, the use of brittle materials as reinforcement has been found
not to perform well like the less brittle ones. Fractures originate from the foil edge-to-
edge joints in most cases. This propagates through brittle materials much more easily.
Based upon the results obtained, metallic material reinforcement should be preferred over
composite. Further study is however, recommended for better understanding.
7.3.4 Transition Joint Designs in LENS Fabricated

Multi-Material Structures

Material transition joint design is an important factor that has effects on the
mechanical integrity of LENS fabricated multi-material structures. Interlocked, gradient,
scarf and butt joints have been found to work well for dual-material structures subjected
to tension load. Where possible, the interlocked joint is preferred as it has been proven to
perform better under loading conditions. For material systems that are susceptible to
cracking at the joints, the use of alternating strips of the two materials at the transition
helps to minimize crack occurrence. Based on the knowledge gained in this work,
randomized interlocked and v-groove designs are not recommended for multi-material
transition joints in LENS fabricated structures. They are susceptible to fabrication defects
that can result in early failures under loading conditions.
7.3.5 Multi-Material Transition Joints for Structures

Fabricated Using Other AM Processes

In other additive manufacturing processes like Electron Beam Melting, Fused

Deposition Modeling, Stereolithography, 3D Printing and related technologies, regular
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interlocked transition joints is recommended as a first choice for multi-material structures
fabrication. They enable greater surface area of contact at the transition joints. In fusion

based processes, they help in minimizing the occurrence and propagation of cracks.

7.4 Future Work
There are other areas of further research work that can be identified from the

outcome of the present work. These are discussed in the following sub-sections.

7.4.1 Higher-Powered Multi-Material UC Bonding

Attempts have been made to bond several dissimilar materials in this work using
UC. The result has been varied. In some, very good bondings were achieved, especially
in the cases involving aluminum alloys and harder materials. Moderate bonding was
achieved in some material combinations, especially Al 6061 and Tantalum. Molybdenum
could not be bonded directly with Copper; an interlayer thin foil Al 1100 was used to
indirectly weld the two principal materials. Also, none of the body centered cubic (BCC)
structured materials could be bonded to each other or to titanium, the only hexagonal
close pack (HCP) structured material used in the work.

It is strongly believed that with much higher ultrasonic energies, beyond the
capabilities of the Solidica Formation™ used, good bonding can be achieved with more
materials.

7.4.2 Characterization of the Bonding Strengths
of UC Fabricated Multi-Materials
Most of the multi-material characterizations have been limited to qualitative

techniques using metallographic studies. While this is very important, it is not enough for
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comprehensive definition of the overall quality of the bonds. Determining the bonding
strengths of UC fabricated multi-material components using quantitative testing methods
is very important for their potential applications in real life. Limited attention was
devoted to this by characterizing the bonding strength of Ti/Al 3003 in this work. It will
be necessary to characterize other combinations of materials to ascertain the optimum
fabrication conditions that will yield the best bonding strengths. The overall aim is to
maximize bonding strengths between the materials joined by using optimized process
parameters and to attain shear strength values as close as possible to one of the base

materials.

7.4.3 UC Process Improvement for Multi-Material Structures

The dual-material minimum weight structures fabrication in this work were
physically exacting, requiring the skill of the fabricator to accurately place the reinforcing
materials in their rightful positions. Development of special fixtures or automated
handling for that purpose will enhance multi-material consolidation and reduce the level
of human attention currently required to put the materials in place accurately.
7.4.4 Crack Formation and Propagation

in LENS Fabricated Structures

Higher stiffness values were originally desired for the tension members of the
LENS fabricated minimum weight structures in chapter 6. This was intended to be
achieved with high TiC compositions in Ti6Al4V/TiC composite. However, cracks
developed in 20wt%TiC and higher percentage compositions. Minimum weight
structures fabricated with 10wt%TiC composition in the tension materials had to be

redesigned to avoid crack formation after initial unsuccessful attempts. For simple tensile
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and flexural specimens’ fabrications, no crack developed with Ti6AI4V/10wt%TiC
materials. This is because there was free room for expansion and contraction in those
specimens. However, in complex structures with multiple materials, differential
coefficient of expansion results in residual stresses leading to cracks.

In future work, studies on avoiding crack formation and propagation will be
necessary in order to be able to fabricate structures with higher stiffness materials made
of Ti6AI4V/TiC composite. It is recommended to first develop a finite element model to

determine the process windows for crack free LENS fabrications.
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