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Chapter 1: Introduction :

Structural materials are generally strong and able to support or withhold the desired load. However there exist
micro-cracks and pores whereby stresses are concentrated. Upon shock loading or fatigue, the stress at the pores
exceeds the critical value forming cracks that propagates until fracture occurs and fails the material. A concept of
crack propagation resistant intelligent material to avoid brittle fracture in case of shock loading or fatigue by
channelling the heat energy produced from the stress of crack propagation into forming a new hard material is
being focused. There exist promising candidates such as hard intermetallics phase that can act as resistant to the
crack propagation. Some good examples are NbAl intermetallics, which have high yield stress with high melting
temperature. However, these intermetallics are not being utilized as structural material due to their brittleness and
poor workability.

The crack propagation resistant intelligent material promises a new structural material, which have its
potential needs or applications in various fields. They include fields such as the nuclear power plants, aircraft
structures, space structures, anti heat leak, etc. In this research, the application of crack propagation resistant
intelligent material is focused on developing an effective shield against space debris.

Unnecessary artificial object in the outer space called space debris has been accumulating. They consists of all
artificial objects orbiting our earth such as decommissioned satellites, spent upper stages, and mission related
objects, launch adapters, lens covers, paint flakes, etc. There is about 8000 known space debris"? and increasing
each year.

Space debris can be divided into three types. Large objects larger than 10cm in diameter, which are routinely
detected, tracked and catalogued. Objects between 1 and 10cm are the risk objects as they cannot be tracked and
catalogued. Objects smaller than 1cm in diameter are referred as small debris or micro debris™>*.

Current Anti-debris Shield _ '

Most of the shield are based on Whipple shield (although some variation exists), whereby the principle is to

add protective bumper shields in front of the m%ior pressure wall so that hypervelocity incoming debris melts at
the shield impact with the sacrificial bumper®®’. The impacting mass is distributed into a larger area and the
multiple collisions with the main wall stop the space debris.
However, this system has its disadvantages. The Whipple shield is space consuming, bulky and has a heavy
overall shield weight. Moreover, due to the variety of spacecrafts, structures and subsystems such as observed in
the International Space Station; this shield couldn’t possibly cover the whole fuselage. This increases the
possibility of being hit with undetectable space debris (<10 cm) that can cause critical damage.

A new concept is introduced for anti space debris structural material. As per Fig. 1, upon collision of the
space debris with the metal mixture, the space debris is fragmented and vaporized instantaneously®. The
hypervelocity collision generates very high heat energy with high temperature as the kinetic energy of the space
debris is transformed into heat energy. This local high heat energy turns the metal mixture into intermetallics
instantaneously at the local part hit” *'*B, The intermetallics formed have high yield stress, which blocks,
deflects and halts the crack propagation from penetrating deep into the material. In order for the crack to
propagate, the stress at the edge of the crack has to overcome a critical value, but this critical value is increased
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with the formation of intermetallics instantaneously. As such, the crack propagation is stopped because it cannot
overcome the critical value and this protects the material from fracture or failure.

Analytical simulation of hypervelocity impact done by Kambe'® with Al34%-Ni33%-Ti33% composite showed
that the hypervelocity collision had enough energy to simulate the growth of intermetallics.

Collision with Intermetallics at Cracks stopped from

space debris penetrating deep inside

local part hit

Figure 1: Concept of new shield.
Qualities of New Shield

This new anti-debris shield should be structural material used for fuselage. The structural material should be

ductile with qualities such as lightweight, high strength, high workability, and high toughness.
Before collision with the space debris, the material should be in intermetallics-free condition. Intermetallics-free
condition before collision is essential because as discussed previously in shield’s concept, intermetallics are being
pursued upon collision. The material then should be able to produce intermetallics instantaneously upon space
debris attack. In addition to that, intermetallics-free condition is advantageous as high workability of the material
is anticipated.

Other qualities are that it should also have microstructure of fine (sub-micron) second metal phase dispersion
in the matrix, which should be in intermetallics-free condition. The fine dispersion of second metal in the matrix is
vital because of two reasons. As instantaneous reaction between the metals is required, the diffusion distance
between the metals should be sufficiently short. The second metal phase should be minutely (nanostructured)
dispersed in the matrix. When the diffusion distance between the metal phases is decreased, the activation energy

is reduced. This can be proved using Arrhenius equation of ¢ = Cexp i;%Q—) Whereby, ¢ is particle size, C is

rate constant, Q is activation energy, R is molar gas constant and T is temperature. With finer microstructure, less
activation energy is needed'™'®!" 1%,

The second reason, is that fine sub-micron sized dispersion in the matrix increases the material strength. When
solute atom is mixed in the solid state of solvent or the matrix, stress field are created around each solute atom.
Stress field interact with dislocations (crystal lattice distortion) and make their movement more difficult and thus
the mixture becomes stronger. These fine sub-micron dispersion acts as barriers to dislocation movement. The
dislocation is forced to either cut through the dispersion or go around them which requires more energy and this
causes the increase in material strengthzo’zl’zz.

Material system Selection

In this research, Al is chosen as the matrix because Al alloys exhibits the traits needed for the fuselage material.
High strength aluminium alloys are widely used in high-performance automobiles, railway cars, aircraft and
spacecraft, light ships, etc. This is mainly due to excellent mechanical strength, low specific weight and good
formability with relatively low cost. Al based alloys such as Al-2024 and Al-7075% are widely used for aerospace
applications. This is because these alloys have the ability to maintain long fatigue strength at finite life and
environmental temperatures. The other advantages include lightweight, corrosion resistance, non-toxic, high
workability and ductility.

For the dispersion material, considering high fusion point metal aluminates, V, Nb, Mo, W, Ni systems can be
potential candidates. Combination in example Al-Ti, Al-Nb, and Al-Ni, which are being widely researched are
potential candidates. The combination of Al-Ti composite can produce intermetallics of Al;Ti with a melting
temperature of less than 1400°C. However, since Nb has superior thermal quality with melting temperature at
2469°C and high strength, plus the fact that AI-Nb composite have a much higher melting temperature than other
combinations, Nb is chosen in this research. By combining, the merits of the two metal a MMC that have the
mechanical and physical properties needed for the structural material can be formed. This combination of MMC
can form intermetallics of NbAl;, NbsAl, Nb,Al which have high melting temperatures of 1680£5°C, 1940+10°C
and 2060+10°C respectively. NbAl; with a melting point of 1680£5°C is targeted as from molecular weight
calculation, NbAl; is the lightest compared to NbsAl and NbyAl. Due to this reason, Al-30vol.%Nb of mixture is
utilized in order to promote and target the formation of NbAl; intermetallics upon collision with space debris.
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The objective of this research is to prepare a structural material for fuselage that has fine dispersion of sub-
micron sized Nb phase in Al matrix microstructure with intermetallics-free condition through MA and SPS
method which is able to produce intermetallics phase instantaneously upon collision with space debris.

Chapter 2

The purpose of this chapter is to produce intermetallics-free powders with fine sub-micron Nb dispersion
distributed in Al matrix. In order to achieve this, Nb-Al mechanical alloying (MA) is carried out until it reaches
the steady state right before the formation of intermetallics using agate and zirconia media respectively. MA
method is being utilized to target the production of intermetallics-free critical MA powders with fine sub-micron
Nb dispersion in Al matrix.
Results and Conclusion

Even without NbH, zirconia media is unusable because it produces hollow structure with coarse microstructure.
With agate media, NbH formation is observed, however, optimum MA condition is defined. The agate critical MA
powder milled at 200rpm for 132hours produced fine sub-micron sized Nb and nano-sized NbH dispersion in Al
matrix with an intermetallics-free condition as shown in Fig. 2. Moisture trapped in the micro pores of agate
media caused the formation of NbH in the agate media and enhanced the MA mechanism to become brittle-ductile
which caused nano-sized dispersion. The formation of NbH also suppressed the intermetallics formation up to the
dehydrogenation point. This powder is confirmed to have intelligent properties or NbAl; intermetallics produced
at a temperature above 300°C. This is followed by dehydrogenation at 500°C, which enhances more formation of
NbAl;. This critical MA powder is utilized as the starting material in the consolidation part.

-

Figure 2: Optimum MA powder usn ate and zirconia media.

Chapter 3 :

The purpose of spark plasma sintering is to achieve densification of optimum MA powders of 200rpm 132
hours. The targeted densified compact is a sintered compact in intermetallics-free condition with the
microstructure of fine micron sized Nb and nanostructured NbH dispersion in Al matrix produced at powder level
being retained.

Results and Conclusion

Consolidation were achieved with Spark Plasma Sintering. MA powder of 200rpm 132hours were densified up
to 96.2% (at the centre part with a diameter of 2mm) with a sintering conditions of 1.5GPa, 280°C which retains
the microstructure of fine sub-micron Nb and nano-sized NbH dispersion in Al matrix with intermetallics-free
condition.

Relative density of sintered compacts decreases with increase in sintering temperature. The formation of
60.4% of NbAl; intermetallics causes the relative density to decrease down to 86.1 %. This is because the hard
NbAl; formation hinders the plastic flow and plastic deformation of the MA powder that prevents the
densification of the MA powders.

Chapter 4

In chapter 4, the mechanical properties and collision simulation is carried out.
Vickers Hardness

The compositional change with sintering temperature reveals the mechanism of NbAl; intermetallics formation,
The stable NbH suppresses the formation of NbAl; intermetallics until it is dehydrogenated. Upon
dehydrogenation, it is followed by the formation of NbAl; intermetallics. This increase in NbAl; intermetallics
plays an important role in increasing the Vickers hardness of the sintered samples. The high Vickers hardness of
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the sintered sample at 280°C compared to pure starting powders is caused by the nanostructured NbH dispersion
in the Al matrix. At 400°C, the Vickers hardness increased slightly due to the formation of some nanostructured
NbAl; intermetallics. The huge increase of Vickers hardness at 500°C is caused by the formation of 60.4% of
NbAl; intermetallics dispersed in the Al matrix. The fine dispersion in the matrix, which acts as barrier to
dislocation movements is probably the cause that increases the Vickers bardness.
Fracture Toughness

Even though the fracture was brittle, the intermetallics-free sintered compact of 280°C 1.5GPa had a fracture
stress of 530.27MPa, which is comparable to Al alloys used for aerospace applications such as Al-2024 and Al-
7075.
Space Debris Collision Simulation

NbAl; formation is observed in intermetallics-free sintered sample irradiated with laser simulating the space
debris collision. The intermetallics-free sintered compacts are able to transfer itself into intermetallics
instantaneously upon collision with space debris.

Conclusion

A structural material for fuselage consisting of Nb-Al system that has fine dispersion of sub-micron sized Nb
phase in Al matrix microstructure with intermetallics-free condition were successfully produced using MA and
SPS method. It revealed intelligent properties (was able formed intermetallics phase instantaneously) upon
irradiation with fibber laser simulating space debris collision. However, the ductility needs further improvement.
A balance between formation of NbH and ductility has to be researched. Hypervelocity impact test also have to be
carried out upon availability of bigger samples, which will rule out any other hidden factors or parameters not
exerted by the laser simulation. '
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