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Chapter 1

Introduction

1.1 Properties and applications of aluminum and its alloys

Aluminum (Al) is a silvery-white colored metal. It is the third most abundant element
(after oxygen and silicon), and the most abundant metal in the Earth’s crust (~8%).
Compared with other metal materials, Al has unique physical properties [1, 2], some of
which are typically shown in Table 1-1. Al has a relatively low density of 2.7 g €m™
compared to other metals, only about one third of copper or steel. It makes Al one of the best
candidates for components used in light weight applications. The melting point (Tm) of Al is
660<C, similar to magnesium (Mg, 650<C) and comparably low compared with other metals,
such as titanium (Ti, 1668<C). Low melting point and good ductility contribute to
outstanding formability and machinability of Al materials [3]. When exposed to air, Al
directly forms an oxide layer with a thickness of ~1 to ~10 nm on the surface which acts as a
protective shield from further oxidation. This dense passivation layer also contributes to the
excellent anti-corrosive properties of Al and its alloys [4]. Moreover, Al possesses sound
conductive properties (rank fourth highest among metals), nonmagnetic property, nearly

nontoxicity and high reflectivity to waves and so on [2].

Table 1-1. Typical physical properties of Al at room temperature [1].

Physical property Value or type
Atomic number 13
Phase structure Face centered cubic (FCC)
Density (g €m™) 2.70
Melting/boiling point (C) 660/2470

Thermal conductivity (W m™* K1) 237
Electrical resistivity (nQ-m) 28.2

Young’s/shear modulus (GPa) 70/26

Since the Hall-Hé&oult electrolysis process [5] was discovered to produce
commercial pure Al in 1886, the production and consumption of Al grow rapidly. Today, Al
has been the most widely used metal in the world after iron. Considering the advantages of



Al, structural components made from Al and its alloys are vital to the aerospace [6, 7] and
automobile industry [8] and are important in other areas of transportation, construction,
power, metallurgy engineering and so on [1]. However, using Al in its pure form is not
applicable due to many factors of which the most important is its relatively low stiffness and
low strength. That’s why different strengthening approaches have been developed to enhance
mechanical properties while keeping most of the desired properties of the base Al presented

in the new materials.

1.2 Strengthening approaches of pure Al

Similar to other metal materials, the improvement of mechanical properties of pure Al
can be achieved by various effective approaches, viz., adding alloying elements, using grain

refining, work hardening and dispersing second phases into Al matrix.

1.2.1 Alloying elements

The addition of some substitutional solid solution elements to Al matrix forms Al
alloys [1]. The typical alloying elements in Al are copper (Cu), manganese (Mn), silicon (Si),
Mg, and zinc (Zr), producing 2xxx, 3XxX, 4xxX, 5xxx, and 7xxx series alloys with
corresponding specific element content, respectively. In these categories, there is only one
dominant alloy element and the content of other elements are below specific values.
Exceptionally, 1xxx series Al alloys refer to commercial pure Al with Al content larger than
99 wt.% and 6xxx series have two dominant alloy elements of Mg and Si. 8xxx series are
alloyed with other elements which are not covered in the aforementioned seven kinds. Al-
lithium (Li) alloy is a typical 8xxx series alloy which is widely used [9].

There are two categories of Al alloys, non-heat-treatable and heat-treatable alloys.
With non-heat-treatable alloys, the additive alloying elements only solute in Al matrix. The
tensile strength and hardness are improved with sacrificed ductility compared with Al matrix.
However, Young’s modulus is hard to be noticeably improved, showing similar values to
pure Al. With heat-treatable alloys, such as 2024 alloy, precipitation is able to be achieved
after aging and thus secondary phases are produced in Al matrix [10]. Therefore, there are
two modes by which alloying elements strengthen aluminum: solid solution strengthening



and precipitation strengthening. In solid solution strengthening, the added alloying elements
mix with the aluminum at the atomic level. The extent of strengthening depends on the type
and amount of added elements. With precipitation strengthening the added alloying elements
can be controlled to react with Al to form fine particles in size of micrometers or nanometers
in the matrix. These particles are referred to as precipitates. The process where the
precipitates are formed, called aging, is normally carried out at elevated temperatures,
typically 160-190<C [1]. In some cases, aging can occur at ambient temperature in which
case it is called natural aging [11]. Examples of products that are precipitation strengthened
are aircraft components like fuselage and wings, automotive products like transmission cases
and engine hoods, furniture, hardware, pipe, and wheels [6, 8].

The above alloys are based on displacement solid solution mechanism, due to the
small atom radius of Al and resultant small size of inter-atom space. Interstitial solid

solubility, even for the smallest hydrogen atoms, are extremely small in solid Al matrix [12].

1.2.2 Work hardening

Work hardening (also called strain-hardening or cold-working) is the process of
making a metal harder and stronger through plastic deformation. When a metal is plastically
deformed, dislocations move and additional dislocations are generated. The more
dislocations within a material, the more they will interact and become pinned or tangled. This
will result in a decrease in the mobility of the dislocations and a strengthening of the material.
This type of strengthening is the commonly called cold-working. When a metal is worked at
higher temperatures (hot-working) the dislocations can rearrange and little strengthening is
achieved. It should be understood, however, that increasing the strength by cold-working will
also result in a reduction in ductility. Usually a small amount of cold-working results in a
significant reduction in ductility.

Considering whether plastic deformation is applied during processing, with the eight
series alloys, there is another principal of classification, namely cast alloys and wrought
alloys. Cast alloys are directly cast into their final form by one of various methods such as
sand-casting, die or pressure die casting. Casting is used for complex product shapes. These
alloys usually contain high levels of silicon to improve their castability. Wrought alloys,

which are initially consolidated as ingots or billets and subsequently hot and/or cold worked



mechanically into the desired form. About 85% of Al and Al alloys are used for wrought
products, for example rolled or forged plate, foils and extrusions. Wrought Al alloys
generally have higher melting point and higher tensile strength, although they are usually
more expensive than cast alloys. Combination of work-hardening and aging is a creative
method to obtain some novel Al materials having both high strength and ductility [10, 13].

1.2.3 Grain refinement

Grain refinement is another significant method to improve the strength of
polycrystalline metals. For example, heat treatment after plastic deformation and changing
the rate of solidification are typical ways to alter the grain size. The increases of grain
boundary are important factors as obstacles to the slip of metals. The finer grains, which have
more grain boundaries, are stronger than the coarser grains because a higher applied stress is
required for slipping. Moreover, the accumulation of dislocations in the finer grains is much
higher than coarser grains, so that the required stress to move these dislocations across the
grain boundary thus increases with increasing the grain boundaries [14]. As a typical face
centered cubic (FCC) metal, Al has diverse slip systems (exactly 12 series), so it is ductile
and easily plastically deformed for generating grain refinement. In the past decades, Al

materials with nano-sized grains have been investigated intensively [15-18].

1.2.4 Composite strengthening

Al matrix materials reinforced with one or more reinforcements are called Al matrix
composites (AMCs), which are young promising materials. Considering the formation place
of reinforcements, composites are divided to ex-situ and in-situ. In ex-situ composites,
reinforcements are synthesized externally and then added into the matrix during composite
fabrication. While, in-situ reinforcements are not directly added but synthesized internally in
the matrix during processing. Actually, the aforementioned precipitation-strengthened Al
alloy is a kind of in-situ AMCs.

The dispersed secondary phases in ductile Al behave as obstacles to dislocation
motion. The dislocation can bow out or cut through the reinforcements which is related to
their strength and coherency between the lattices of reinforcement and matrix [19]. Hard

ceramic reinforcements may also bear load during composite failure. It lead to load transfer



from matrix to reinforcements and mechanical improvement of composites [19]. More
importantly, as a mixture of different phases, AMCs now not only present the nature of
matrix Al but also acquire some properties from the reinforcements. This characteristic bring
wide design scope of material structure for achieving superior properties than pure Al.
Various types of reinforcement phases are added with the aim of achieving specific
improved properties, for example strength, stiffness, toughness, thermal conductivity,
electrical conductivity, coefficient of thermal expansion, electromagnetic shielding, damping
and wear resistance. The reinforcing effect is greatly dependent on the characteristics of
reinforcements, such as strength, content, size, and morphology. Considering the morphology,

particulate and fibrous reinforcements are two most significant categories in AMCs.

1.2.4.1 Particulate reinforcements
Conventional AMCs reinforced with hard particulates exhibit high strength and high

elastic modulus, near-isotropic as well as excellent high-temperature creep resistant
properties [16, 20-22]. These materials are of special interest because of their ease of
fabrication at relatively low cost. Particulate-reinforced AMCs have been used as structural
materials in the aerospace, automotive and railway sectors. SiC particulate-reinforced AMCs
are attractive materials for the ventral fins and fuel access door covers in the US F-16 aircraft
[23]. However, the size range of ceramic particulates of Al-based metal matrix composites
(MMCs) is very large, typically from nanometers to several hundreds of micrometers.

Large ceramic particulates are prone to cracking during mechanical loading, leading
to premature failure and low composite ductility [24]. Particulate size has a strong effect on
the failure mode, strength, and ductility of the Al-based composites [24, 25]. With
development of nanotechnology, growing attentions are paid on nano-sized particle
reinforcements such as oxides [20], carbides [26, 27], nitrides [28], borides [29], metal glass
[30] and carbon [31, 32] in Al matrix. Usually, the nanoparticles are mixed with Al powder
and consolidated by the powder metallurgy process for fabricating advanced AMCs. Some

review articles [16, 21, 22, 33-36] can be found in this area.

1.2.4.2 Fibrous reinforcements



Compared with particulate reinforcements, the most significant advantage of fibrous
reinforcements is their large aspect ratios (length to diameter ratio), which are critical to
achieve high load-bearing ability and resultant high composite strength. According to the
shear-lag theories set up by Cox [37], Kelly and Tyson [38] et al., load transfer happens from
matrix to reinforcements through an interfacial stress in composites. Stress distribution on
reinforcement is dependent on its length or aspect ratio. If the length is large enough to a
critical value, the maximum stress on fiber can reach its breaking strength. The strength of
fiber reinforced composites are related to the aspect ratio, volume content, strength of
reinforcement. Therefore, long and strong fibrous reinforcements are most promising in
strengthening Al matrix.

Up to date, various fibrous reinforcements [39], such as boron fiber [40], SiC whisker
[41], glass fiber [42], carbon fiber [43], boron nitride (BN) nanotube [44], and carbon
nanotube [45], have been applied in AMCs. Their structural and mechanical properties and
synthesis methods are summarized in Table 1-2 [19]. Among them, carbon nanotubes having
super-high strength (up to ~100 GPa), super-high modulus (~1 TPa) and large aspect ratios
(50-1000) are most promising reinforcements in AMCs.

Table 1-2. Tensile properties and density of various fibrous reinforcements [19].

Fibers Tensile modulus (GPa) Tensile strength (GPa) Density (g €m3)
Boron 415 3.5 2.5-2.6

SiC 300-400 2.8 2.8
E-Glass 71 1.8-3.0 2.5
Carbon (P100) 725 2.2 2.15
Aramid 125 3.5 1.45
BN [46] 926 30 2.2
CNT [47] ~900 150 ~2

1.2.5 Strengthening effect of various approaches

The strengthening effect of the aforementioned approaches on strength, ductility,
modulus and obeyed theory are summarized in Table 1-3. Although high strength AMCs can
be achieved through each strengthening methods, the ease and cost of the corresponding
processes are different. Moreover, it is seen that one unique advantage of composite
strengthening is that the modulus can be enhanced at the same time. With the fast

development of nanotechnology, composites strengthening in AMCs was spurred by the



novel reinforcements, such as CNT and graphene, to fabricate high-performance AMCs with

superior properties.

Table 1-3. Effect of various strengthening approaches on mechanical properties.

Strengthening method Strength Ductility Modulus Strengthening Example
model
Alloys elements Significant Significant Small Eshelby [48] 5083 alloy
Grain refinement Medium Medium No Hall-Petch [49] UFG Al
Work hardening Medium Significant No Taylor [50] 6262-T9
Composite Particles Significant Significant Significant ~ Orowan-Ashby [51] SiCy/Al
Fibers Significant Significant Significant Kelly-Tyson [38] CiAl

1.3 Carbon nanotube reinforced composites

In 1991, Ilijima reported landmark findings on the ‘helical microtubules of graphitic
carbon’ which was later named as CNTs [52]. Now it is known that CNTs can exist as single
tube which is called single-walled nanotube (SWCNT) [53] or in the form of concentric tubes
called multi-walled nanotube (MWCNT) [52], as shown in Figure 1-1. CNTs have many
amazing properties compared with traditional materials and they caught great attention in

materials science and technology [54-60].

SWCNT MWCNT

Figure 1-1. Structure schematic of SWCNT and MWCNT [62].

Table 1-4 shows the physical properties of SWCNT, MWCNT as well as traditional
steel [57-59, 61-64]. It is seen that CNTs have about 100 times tensile strength of steel.



Moreover, they have high Young’s modulus of approximately 1 TPa and a low density of 1-2

g €m3, which make them preferable reinforcements for strong and light composites materials.

Table 1-4. Typical physical properties of SWCNT and MWCNT at room temperature,
compared with traditional steel.

Physical property SWCNT MWCNT Steel
Density (g €m™) ~1 1.4-2.1 7.8
Melting point (C) 3550 3550 1538
Thermal conductivity (W m K1) ~3500 ~3000 80
Electrical resistivity (nQ2-m) 10 10 100
Tensile strength (GPa) 13-53 11-150 0.4-1.5
Elongation to break (%) 16 ~10 15-50
Young’s modulus (TPa) ~1 ~1 0.2

The beginning of widespread CNT research was in the early 1990s. However, CNT-
related commercial activity has grown most substantially during the past decade. Since 2006,
worldwide CNT production capacity has increased at least 10-fold in 2013, and the annual
number of CNT-related journal publications and issued patents continues to grow [59].
Today most CNT production is used in bulk composite materials and thin films. Initially,
CNTs were widely used for reinforcing polymers due to the relative ease of processing [65-
70]. CNTs found success in polymers because of their exceptional reinforcing effects [70],
although there still seem large room to fulfil the potential of CNTs by overcoming some key

problems such as dispersion of CNTs in polymers [68].

1.4 Processing of carbon nanotube/Al composites

The interest in using CNTs as a reinforcing phase in MMCs is spurred by the
successful incorporation of nanotubes into polymers to form high performance composites.
MMCs reinforced with CNTs offer several distinct advantages over polymeric counterparts
such as inherent stability at elevated temperature, high strength and stiffness, superior
electrical and thermal conductivity deriving from the metal matrix [58]. However, it is rather
difficult to introduce CNTSs into metals because they tend to agglomerate into clusters within
the matrix. Another issue arises from the poor wetting of CNTs by molten metals owing to a

large difference in the surface tensions of carbon nanotubes and metals [71, 72]. It results in



poor bonding conditions at the interface between CNTs and Al, which is unfavorable to
obtain high load transfer efficiency from matrix to CNTSs.

Kuzumaki et al. were the first researchers to fabricate CNT/Al composites using
conventional powder mixing, followed by hot pressing and hot extrusion processes [45].
They found that the tensile strength of 5 and 10 vol.% CNT/AI composites is almost identical
to that of unreinforced Al owing to the poor dispersion of nanotubes. The only benefit is that
the tensile properties of CNT/Al are much more stable than pure Al during the post annealing
treatment to 100 h. From 1998 to now, some approaches [56, 58, 73] were developed to deal
with the dispersion problem in Al matrix. Moreover, many consolidation processes, such as
casting [74, 75], spraying [76, 77], rolling [78-80], forging [81-83], sintering [84], extrusion
[85-87] and their combinations [88-92], were also applied to fabricate CNT/AIl composites
with improved composite structures and resultant mechanical properties. However, suitable
processing methods endowing good CNT dispersion without small CNT structure damage

are still under exploration.

1.4.1 Powder metallurgy

Powder metallurgy (PM) is a term covering a wide range of ways in which materials
are made from metal powders. PM processes can avoid, or greatly reduce, the need to use
processes of removing metals, thereby drastically reducing yield losses in fabrication and
often resulting in a lower cost. The properties of the final product processed by PM greatly
depends on the accuracy of the processing technique which is common in all PM produced
components and on the secondary operations employed to the product depending on the
specific application. The basic PM production stages are as follows: (1) powder preparation,
(2) powder blending, (3) powder compaction, and (4) sintering of the compact. These steps
are then followed by secondary operations like forging, extrusion, rolling, etc., depending on
the structure requirement of the final product. Some of these operations are just employed to
enhance the finishing or readjust the final dimensions. Most reported CNT/Al composites are
fabricated by using the PM route [56, 58, 73], partially because the dispersion state of CNTs

in powders can be largely maintained to composites.

1.4.2 Challenges in processing carbon nanotube/Al composites



1.4.2.1 Carbon nanotube dispersion

In order to achieve high strengthening effect in AMCs, CNTs were required to carry
high load via a suitable CNT—AI contact interface in service. Accordingly, a homogeneous
dispersion of un-bundled CNTs was basically essential for achieving the full strengthening
potential of CNTs. Although many attempts [81, 84, 87, 90, 93-101] have been made to deal
with CNT dispersion in composites, it is still a great challenge to uniformly disperse CNTs
into AMCs with small structure damages. It is due to the multiple problems in CNT-AI

system, as summarized in Figure 1-2.

CNT Al
. -7 CNT-Al mixture
@ \J-r_/_//
Y
Problem (D Problem 2) lProblem ©)

Weak attractive
force between
CNT and Al

Small absorbing
surface area of

Strong attractive
force between
CNTs

Al powder

Figure 1-2. Scheme of CNT dispersion problems in CNT-Al system.

The first problem is the strong attractive force between CNTs owing to a high van der
Waals (vdW) attraction energy of tube—tube interaction. The high flexibility and large aspect
ratio also increase the segregation difficulty of CNTs. Another problem is that dispersed
CNTs are difficult to be absorbed on Al powder surface because of the weak attractive force
between CNTs and Al, resulted from their incompatibility of zeta potential [102]. Moreover,
weak CNT-AIl bonding might result in re-aggregation of CNTs during dispersing, post
drying or consolidating processes [97]. The final problem is that the size of commonly used
Al powder particles (1-200 um) is about 3 magnitude larger than CNTs (2-100 nm),
resulting in a small specific surface area for absorbing CNTs. Accordingly, homogeneous

CNT dispersion with high CNT content and small structure change in composites is difficult

10



to obtain from previous strategies. It is noted that the three problems also exist in other CNT-

metal system. Therefore, the difficulty of CNT dispersion was a wide challenge in MMCs.

1.4.2.2 Interface bonding and structural stability

A strong interface between the CNT and the matrix is necessary for the effective load
transfer. The high tensile strength and the elastic modulus of the CNT are futile, if the
applied load cannot be transferred to them. In CNT reinforced MMCs, some studies [10, 25]
suggested that a clean interface was good for CNT-matrix bonding, because it not only
prevented the structure damages of high-strength CNTSs, but also led to an intimate bonding
between the matrix and carbon phase. For example, in a CNT/Al composite with high tensile
strength of 435 MPa [91], no Al4Cz phase was observed. Some other studies [94, 103, 104]
argued that slight interfacial reaction can enhance the CNT-metal bonding. It was because in
situ formed thin carbide layer not only improved the wetting conditions between CNTs and
metal matrices [71] but also might lock the CNTs in place during mechanical response.
Interfacial carbide phases of NisC [105] and AlMgC. [103] were observed in CNT/Ni and
CNT/Mg-Al composites with improved strength, respectively. It is still an open topic on the
effect of interfacial carbide on the load transfer strengthening.

The solid-state reaction between Al and C, 4Al + 3C = Al4C;s, is related to the
standard free Gibbs energy (G) which has a temperature dependence given by AG=-
289512+60T till the Tm [73]. It indicates negative free energy for carbide formation from RT
to Tm. Thus, there is always a tendency of formation of Al4Cz at the interface during sintering.
However, the amount of Al4sCz is determined by the kinetics which is related to processing
conditions. Although formation of a favorable thin carbide layer was theoretically applicable,
it was observed rarely in CNT-MMCs. AlsCs phase has been reported by many studies in
sintered or hot extruded samples [18, 83, 86, 90, 94, 106]. Even AlsCs has been detected in
XRD patterns [16, 81, 86, 90], indicating a high volume fraction. Complete crystals of AlsC3
nanoparticles [94] or nano-rods [86] were often detected by TEM. For example, Kwon et al.
[94] reported formation of nano-sized AlsCs in spark plasma sintered samples at 600<C
followed by hot extrusion at 400<C [15]. Interestingly, they reported a 128% improvement of
tensile strength (from 85 to 194 MPa) by 5 vol.% CNT addition. These studies show that
formation of Al4Cs does not have an adverse effect on the composite strengthening. However,
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the effect of interfacial AlsCs phase and complete AlsCs reinforcement on mechanical

properties of AMCs has not been clearly clarified.

1.4.2.3 Strengthening mechanisms

The understanding of strengthening effect of CNTs is basically essential to design
composite structures for processing high-strength  AMCs. There are several possible
strengthening mechanisms for CNT in MMCs: (a) load transfer from matrix to CNT [107],
(b) grain refining and texture strengthening by pinning effect of CNT [100], (c) dispersion
strengthening of CNT [80], (d) solution strengthening by carbon atoms [108], (e)
strengthening of in situ formed or precipitant carbide [86], and (f) thermal mismatch between
CNT and matrix [107]. Among them, load transfer is most desirable because in this
mechanism high load can be bear by CNTs during composite failure and thus the excellent
mechanical properties of CNT are efficiently inherited to composites. However, this
assumption has not been clearly verified in MMCs.

Some studies [73, 85, 91, 109] correlated mechanical properties of AMCs and
structure parameters of CNTs and showed agreement with the load transfer models. However,
this deduction was probably misleading because the composite strength might be contributed
by other aforementioned strengthening factors or a synergy effect of several strengthening
mechanisms [107]. Another means of verification was to examine the failure behaviors of
CNTs during the mechanical failure of MMCs. Direct observation of CNT failure via an in-
situ tensile test is the most convincing approach, through which the failure process of CNT in
composites could be possibly witnessed and examined. In-situ SEM/TEM/AFM experiments
have been intensively applied to investigate CNT failure in polymer matrix composites
(PMCs) [110, 111] and ceramic matrix composites (CMCs) [112, 113]. However, there are
limited in-situ studies on CNT failure mode in CNT-reinforced MMCs [109] and no clear

evidence of CNT fracture was obtained.
1.5 Objectives and scopes of this research

The objective of this research is to develop high-performance CNT/Al composites
and investigate the strengthening mechanisms. Attempts are made to deal with the present
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challenges in processing CNT/Al composites. The main tasks are to (i) develop effective
approach for homogeneous CNT dispersion in MMCs with small structure damage, (ii)
investigate the relation between interfacial structure and consolidating conditions, and (iii)
clarify the reinforcing mechanisms in CNT/Al composites.

The present research is composed of 7 chapters. The research flow chart is shown in
Figure 1-3. Firstly, general introduction has been present in this Chapter 1. Then Chapter 2
provides the detailed description of the experimental procedures employed in this research.
In Chapter 3, a novel method called solution ball milling is applied to homogeneously
disperse CNTs in AMCs. The characteristics of this method are detailed described and
compared with traditional methods. In Chapter 4, the attempt is made to control the
interfacial metallic reaction in CNT/AIl composites by the processing temperature. Two
strategies of post heat-treatment and temperature-governed sintering are presented. In
Chapter 5, the load transfer strengthening mechanism is further investigated by theoretical
analysis and in-situ tensile tests. The mechanisms leading to the observed phenomena of
CNT fracture and CNT peeling are demonstrated. Finally, the entire research works are
summarized in chapter 6. Based on the present study, limitations of the present study and the

future work prospects are discussed in Chapter 7.
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Figure 1-3. Flow chat of this study on processing and strengthening mechanism of CNT
reinforced AMCs by powder metallurgy (PM) route.
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Chapter 2

Experimental Procedures

2.1 Raw materials

2.1.1 Aluminum powders

Two kinds of commercially pure aluminum (Al) powders (99.9% in purity) with
different particle sizes were used as the raw materials in this study. The coarse Al powder
had a particle size range of 108-180 um. The fine powder had a mean particle size of 20 um.
Both the two powders show tear-drop shapes and supplied by Kojundo Chemical Laboratory
CO., Japan. The morphology and chemical compositions of those starting Al powders are

shown in Figure 2-1 and Table 2-1, respectively.

Figure 2-1. Commercial pure (a,b) coarse and (c,d) fine Al powders used in this study.

Table 2-1. Chemical compositions of raw Al powders used in this study (wt.%).

Materials Purity Cu Fe Si Ti
Coarse Al >99.9 0.002 0.02 0.01 Bal.
Fine Ti >99.9 - 0.08 0.03 Bal.
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2.1.2 Carbon reinforcing materials

The elemental carbon has many allotropes with various structures such as graphite,
diamond and fullerene [1]. In this study, multi-walled carbon nanotubes (MWCNTS) were
used as the reinforcing materials because of their high aspect ratios, ultra-high strength and
ultra-high modulus [2-4]. Two kinds of MWCNTSs with distinct sizes were used. The coarse
MWCNTs with about 100 nm in diameter and ~15 um in length are produced by Showa
Denko Group, Japan. The fine CNTs have an average diameter of ~15 nm and an average
length of ~1 pm were purchased from Bayer Material Science. The morphologies of coarse
and fine CNTSs observed at different magnifications are shown in Figure 2-2 and Figure 2-3,
respectively. The walls and the hollow channel of the two kinds of CNTs could be observed

in Figure 2-2c and d and Figure 2-3d.

Figure 2-2. SEM (a) and TEM (b-d) observations on raw powders of coarse CNTSs.
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Figure 2-3. SEM (a,b) and TEM (c,d) observations on raw powders of fine CNTs. (b) and (d)

show box areas in (a) and (c), respectively.

2.2 Dispersion techniques
2.2.1 Solution ball milling

A novel solution ball milling (SBM) process was developed in this study, as
schematically illustrated in Figure 2-4. The process mainly includes two steps. First is to
prepare CNT-dispersed solution. Various solutions [5, 6] have been reported to effectively
disperse CNTs. In this study, isopropyl alcohol (IPA) based solution with ~1 wt.%
zwitterionic surfactants [7-9] was used to obtain 1 wt.% CNT solution. The surfactants had
both hydrophobic and hydrophilic groups to disperse individual CNTs in the IPA based
solution. The fine MWCNT was used in this study. The detailed description of the working
mechanism of surfactants for CNT debinding could be found elsewhere [7].

In the second step, the slurry of 160 g prepared CNT solution and 160 g Al powders
(Kojundo Chemical Laboratory Co., Japan) were mixed using a planetary ball milling
machine. Al slurry containing 1 wt.% CNTs was sealed in a zirconia (ZrO3) jar together with
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ZrO2 milling balls (640 g in diameter of 10 mm and 160 g in diameter of 5 mm). The
revolution speed was 200 rpm. The ball milling time was 60 min with an interim period of
600 s for every 600 s in order to prevent the over-heating behavior. During ball milling, flaky
Al powder was gradually produced under the impact between the high-energy balls.
Simultaneously, dispersed CNTs in the solution was impacted on the flaky powder surface,
as shown in Figure 2-4. Owing to the mechanical impact, CNTs were strongly attached on
the Al surface with a complete CNT-AI contact from the limited contact before impact. After
milling, the slurry was transferred to a beaker and stand for ~900 s to settle CNT-Al powders
down. The following procedure is to pour out the upper solution containing surfactants and
free CNTSs.

Finally, the powder was dried in an oven at 353 K for 1.8 ks in an argon (Ar) gas
atmosphere. Al slurries containing 0.5 wt.% CNTs and containing no CNT were also
processed under the same SBM conditions. Alcohol (99.5% purity) was used to make up IPA
to the same solution volume with 1 wt.% CNTSs. To share the advantages of SBM over the
traditional techniques, commonly used solution coating and high energy ball milling process
were also performed to the same Al and CNT powders.

CNT solution “«‘ - Milling ball CNT solution
powder 2 2 / \l
‘y‘ N L!mlted CNT-Al contact
Al e :
® |
powder @ ¢ / -ir—aguaa-@-
. AR s ‘s“‘ Al pamcle Al flake /
Milling LS /
ball Y / / Fully CNT-Al contact
Milling pot 4 |
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Figure 2-4. Scheme of solution ball milling (SBM) process for CNT dispersion.

2.2.2 Solution coating
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The solution coating (SC) technique consists of two processing steps. First is to
prepare the aforementioned CNT-dispersed solution in Section 2.2.1. In the second step, the
prepared CNT solution (100 g) and Al powders (80 g) were put into a plastic bottle. The
slurry was mixed on a table milling machine for 3.6 ks with a rotation speed of 120 rpm.
After coating treatment, the CNT-AIl powder slurry was transferred to a corundum crucible
and dried in an oven at 353 K for 1.8 ks in an Ar gas atmosphere. Two kinds of Al powders,
I.e. raw fine Al powder and flaky Al powder, were used in the solution coating process. The
flaky Al powder was prepared by the high energy ball milling process, as described in the

following section.

2.2.3 High energy ball milling

The fine CNT and fine Al powder were mixed through high energy ball milling
(HEBM) using a planetary ball milling machine. The powder mixture, which consisted of Al
powder, 1 wt.% (1.3 vol.%) CNTs and 2 wt.% stearic acid (C1sH3sO2, process control agent,
PCA) powder, were blended first using a rocking milling machine (RM-0.5, Seiwa Giken Co.
Ltd., Japan) for 7.2 ks. Volume content of CNTs was estimated using CNT density of 1.8
g¢m= and Al density of 2.7 g €m™. The blended powder mixture was sealed in a ZrO; jar
(500 mL in volume) together with ZrO> milling balls (10 mm in diameter, ball to powder
mass ratio: 5). The jar was aerated with argon (Ar) gas to protect Al powders from oxidation.
The revolution speed was 200 rpm. The ball milling time was 3.6-43.2 ks with an interim
break of 600 s for every 900 s to prevent the jar from over-heating. The PCA in the milled
powder was burned in a vacuum furnace at 450<C for 1.8 ks. Raw pure Al without adding
CNTs were also processed by HEBM to prepare flaky Al powders for the coating processes.

2.2.4 Mechanical solution coating

In order to homogeneously disperse CNTs into Al matrix with minor structure
damage, an improved coating process called mechanical solution coating (MSC) process was
also developed. The fabrication of CNT/AIl composites mainly includes three steps. First is to
prepare the 1 wt.% CNT solution as described in the SBM process in Section 2.2.1. The
second step is to prepare flaky Al particles for the mechanical coating process by HEBM
process. 1000 g flaky Al powder was prepared using the HEBM process as described in
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Section 2.2.3. The third step is to disperse CNTs on prepared flaky Al powder surface by
mechanical coating process. Flaky Al powder (80 g) bathed in isopropyl alcohol (IPA) based
solution with ~1 wt.% zwitterionic surfactants and 1 wt.% CNTSs in a plastic bottle on a
rocking ball milling machine for 7.2 ks. 40 g ZrO> media balls were added to assist the

coating of CNTs on flaky powders.

2.2.5 Low energy blending

A facile low energy blending (LEB) process was used to mix two powder systems.
One is the raw coarse Al powder and coarse CNT powder, and the other one is the fine Al
powder and fine CNT powder. Al powder (120 g) with 0.6 wt.% course CNTs (or 1 wt.%
fine CNTs) and 12 g Al>O3 media balls in diameter of 5 mm were put into a plastic bottle,

and mixed on a rocking milling machine (Seiwa Giken, Japan) for 14.4 ks at 200 rpm.

2.3 Consolidation of powders

2.3.1 Spark plasma sintering

The spark plasma sintering (SPS, SPS-1030S, SPS Syntex), as schematically
illustrated in Figure 2-5, was used to primarily consolidate the pure Al and CNT-AI
composite powders for preparation of the sintered Al composite billets. Approximately 60 g
powders were poured into a graphite die with an inner diameter of 42 mm. With the fine Al
and fine CNT powder dispersed by the SBM process, the SPS is conducted at sintering
temperature (T) of 600<C with sintering time (t) of 1.8 ks. With the flaky Al and fine CNT
composite powder by mechanical solution coating process, SPS was carried out at various
temperatures in the range of 427-627<C with sintering time of 3.6 ks. With the coarse Al-
coarse CNT powder mixed by LEB, the SPS temperature was 550 <C and holding time is 1.8
ks. Following hot-extrusion was applied on sintered samples. During sintering, the vacuum
atmosphere was kept at <5 Pa. The heating rate is 20 <C/min and the applied pressure during
the SPS process is 30 MPa.
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Figure 2-5. Schematic illustration of Spark Plasma Sintering (SPS) process.

2.3.2 Cold compaction

Cold compaction (CC) was applied on the flaky Al and fine CNT powder dispersed
by solution coating using a 2000 kN hydraulic press machine (SHP-200-450, Shibayama).
The powder was pressed under a pressure of ~600 MPa for ~10 s. The container used for
compaction was with an inner diameter of 42 mm. Following hot-extrusion was also applied

on compacted samples.

2.3.3 Hot extrusion

A final consolidation by hot-extrusion (HE) is necessary to make a full density and
shaping of the sintered or compacted pure Al and AMC billets as rods. Figure 2-6 shows a
drawing of diagram of the extrusion die sets used in this experiment. The SPSed and
compacted Al billet with 42 mm diameter and about 10 mm height was heated in a ULVAC
infrared gold image furnace. The target heating temperature can be accelerated in a few
minutes. The heating rate of 2 <T/s was used to heat the SPSed billets at temperatures (7) of
400<C and 500<C with holding time of 180s under an Ar protective atmosphere. After the
heating step, the heated billets were immediately extruded using a 2000 kKN hydraulic press
machine. To prevent heat loss of the heated billets during extrusion, the extrusion die sets,
die, container and dummy plate, were heated at 400<C in a muffle furnace for at least two

hours before start of the extrusion process. Both the extrusion speeds (v) of 0.5 and 3 mm/s
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were used in this experiment. The extrusion ratios (ER) of 37 and 13 were used to produce an
extrusion rod of 12mm and 7 mm diameter, respectively. The consolidation parameters for

the different powders used in this study are summarized in Table 2-2.

Pressure

4 Steel
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Figure 2-6. Drawing diagram of hot extrusion process.

Table 2-2. Consolidation routes for different powders in the study.

. HE
Powder size Dispersion SPS ) 7’ (0); Chapter
No. Al CNT method T(T); cc v (mm/s); No.
t (ks) ER
1 Fine Fine SBM 600; 1.8 - 500; 3; 37 3
2 Flaky Fine SC - Yes 500; 3; 37 4
3 Flaky Fine MSC 427-627; 3.6 - 400; 3; 37 4
4 Coarse Coarse LEB 550; 1.8 500; 0.5; 12 5

2.3.4 Annealing process

The annealing process was applied to consolidated samples processed under the route
No. 2 in Table 2-2. The samples were heat-treated in a vacuum furnace at temperatures of
450-650°C for 60 min with a heating-up speed of 20°C/min. The vacuum was controlled at

20-50 Pa. The samples were then cooled down in the furnace after heat treatment.
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2.4 Microstructural characterizations

2.4.1 Sample preparation and characterizations
2.4.1.1 OM, SEM and XRD

Microstructure and phase characterization of the processed materials were
investigated by optical microscopy (OM), scanning electron microscopy (SEM) and X-ray
diffraction (XRD) techniques. The extruded rod was cut in the extrusion direction and
grinded with SiC abrasive paper from 400#, 800#, 1500# to 4000# grit, and then polished
using 0.025 um diamond suspension. OM and SEM were used to examine the
microstructures at comparably low magnifications. XRD measurements were carried out

using a Cu Ko radiation source with scanning speed of 2°-min™.

2.4.1.2 FIB and TEM

High magnification microstructures were examined by transmission electron
microscopy (TEM, JEM-2010, JEOL, Japan) operated at 200 kV. TEM samples of extruded
materials were prepared using a focused ion beam (FIB, HITACHI FB-2000S) system
operated under voltage of 8 kV and current of 3 pA. Liquid gallium (Ga) metal was used as

the ion source to mill the sample to a thickness of ~100 nm.

2.41.3 EBSD

Information on the crystal orientation, including grain size and the rotation angles of
grain boundaries, was analyzed using the electron backscatter diffraction (EBSD) technique.
EBSD was performed using a TSL (TSL DigiView IV; EDAX) instrument attached to the
FESEM and operated at 20 kV. Before EBSD, the polished sample was mechanically
vibrated in a silica solution on a vibratory polisher machine (VibroMet, BUEHLER) for 3.6
ks to remove the residual stress. During EBSD analysis, the sample was tilted with 70 °to the
receiving instrument. The average grain size was measured from ~200 grains from EBSD

images.

2.4.1.4 Raman analysis
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The carbon-related phase compositions in CNT/Al composites were examined by
Raman spectroscopy (Microscopic Laser Raman Spectrometer, LabRAM ARAMIS,
HORIBA, Japan). Raman spectra were acquired using the 532 nm line of a diode-pumped
solid-state laser in the spectral range from 200 cm™ to 1800 cm™.

2.4.2 Carbon element analysis

To measure the CNT content, weight concentration of carbon element in the
processed powders was analyzed on an infrared absorption carbon analyzer (EMIA-
221V20K, Horiba). The samples used for element analysis were cut from the specimens after

tensile test with massive of 0.05-0.1 g.

2.4.3 In-situ observations at elevated temperatures

In-situ microstructure observation of the extruded CNT/AIl composite was carried out
by high-temperature laser-scanning confocal microscopy (LSCM) [10]. The sample was
heated up to 650°C with a heating-up speed of 1.5 °C min in Ar gas atmosphere. The OM

image was manually taken during the in-situ observation process.

2.5 Mechanical properties evaluation
2.5.1 Hardness test

Room temperature (RT) hardness of processed materials was measured on polished
samples by a micro-Vickers hardness tester (Shimadzu: HMV-2T) with an applied load of
0.245 N and hold time of 15 s. The average value obtained from 20 indentations at different

positions.

2.5.2 Tensile test

RT tensile test is performed using a universal testing machine (Autograph AG-X 50
KN, Shimadzu) under a strain rate of 5x10* s. The extruded rods with 7 mm diameter were
machined into tensile specimen bars of 3.0 mm in diameter and 15 mm in gauge length

according to ASTM E8M standard [11], as shown in Figure 2-7. The average tested result of
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three tensile specimens for each material and their processing conditions were reported. The

fractured surfaces of tensile tested samples are also investigated using FE-SEM.
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Figure 2-7. Manufacturing drawing of tensile specimen.

2.5.3 In-situ tensile test

The RT in-situ tensile test was performed by operating the tensile stage with a
CNT/Al sample inside the FE-SEM chamber as shown in Figure 2-8. The tensile specimen
was machined from the extruded rod into a flat dumbbell shape with gauge length of 10 mm,
width of 2 mm and thickness of 1 mm (inset of Figure 2-8). The sample was placed into the
two clamping heads of the tensile unit, and then loaded with a tensile speed of 5 pm/s. As the
tensile test was manually paused during the tensile test, the displacement was sustained and
high-quality SEM photos were captured. Tensile loading was then restarted to the next pause

point until the sample fractured.
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Figure 2-8. In-situ tensile stage with tensile specimen installed in FE-SEM equipment.
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Chapter 3
Solution Ball Milling Process for Homogeneous Carbon

Nanotube Dispersion in Al Matrix Composites

In this chapter, a novel process named solution ball milling (SBM) was developed for
obtaining homogenous carbon nanotube (CNT) dispersion in Al matrix composites (AMCs).
To understand the SBM process, the CNT dispersion quality was investigated, and compared
with those of the conventional approaches in the CNT-Al composite system using the same
starting materials and similar milling conditions. The dispersion quality of CNTs in CNT-Al
powder mixtures was characterized by the morphology and content of CNTs. Possible
remained surfactants after the coating processes were examined by combination of
microscopic observations and energy dispersive spectrums. The change of crystal structures
of CNTs induced by the dispersion processes was investigated by the Raman analysis. Based
on the results, the status of the CNT-dispersion methods in the CNT-Al system, including the
conventional approaches and some newly developed processes, were reviewed and compared
with the present SBM process. The merits and demerits or limitations of the methods were
further described and discussed.

Since the properties of CNT/Al composites were greatly dependent on the dispersion
quality of CNTs, the composite bulks were fabricated by consolidating the powder mixtures
dispersed by the SBM process. The appearance of the processed materials was described.
The strength improvement in CNT/Al composites induced by the CNT dispersoid was
characterized by hardness and tensile tests. To understand the strengthening mechanisms in
composites, the effect of CNT additions on the microstructures of Al matrix was clarified.
The grain information including grain size, misorientation angle of grain boundary and
texture, phase compositions and fracture morphologies of pure Al and CNT/AI composite
were characterized. Possible carbide phases in CNT/AIl composites were also examined.
Based on the observations, the strengthening effect induced by CNTs was discussed using the
generalized shear-lag model. The relation between the strengthening efficiency and the

dispersed CNT content was set up and compared with the experimental values.
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3.1 Traditional methods to disperse carbon nanotubes

3.1.1 Solution coating processes

traditional solution coating (SC) processes. As raw Al powders with round shapes were used,
individual CNTs were hardly observed on the raw Al powder surface. There existed large
CNT clusters, as shown in Figure 3-1a, especially in the junction area between Al powder
particles (inset of Figure 3-1a). During coating, CNTs were initially dispersed in the solution
and then some might be attached to the powder surface [1]. However, if the CNT absorbing
ability of Al powder was low and the chemical attractive force between CNT and Al was
weak, CNT re-agglomeration phenomenon might happen during the vaporization of the
liquid solution under the surface tension [2]. These results suggested the ineffective

absorbing of CNTs by raw Al powder through the SC process.

Figure 3-1. Morphologies of CNT distribution on raw Al surface (a) and flaky Al surface
(b,c) by solution coating (SC). (c) is the local view in (b), and (d) shows EDS analysis of area

in (c).
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Figure 3-1b shows the CNT distribution on flaky Al surface by the same SC process.
Compared with raw Al powder, CNT dispersion quality was much improved on flaky
powders. One thin CNT layer covered the flattened Al surface. The improvement of CNT
dispersion was attributed to the increased compatibilities of morphology and size between
micro-sized Al powder and nano-sized CNTSs by applying the flaky strategy [3, 4]. However,
CNTs still overlapped and entangled together with the remained surfactant as shown in
Figure 3-1c. The EDS analysis (Figure 3-1d) with a strong O K peak provided evidence of
the remained surfactant. In Jiang’s study [5], homogeneous CNT dispersion was achieved
using the SC process on flaky Al. The difference in their coating process from this study was
that surface-modifications of both CNTs and Al powders were applied. Therefore, the CNTs

were dispersed from a thin layer to single individuals in Jiang’s study.

3.1.2 Mechanical ball milling processes

Figure 3-2 shows the CNT dispersion quality on the raw Al powder surface by the
low-energy blending (LEB) process. It was observed that little morphology change happened
to the Al powders, resulted from the low energy applied onto the powders by milling balls.
Small Al powders and CNT clusters were attached on the surface of large powders (Figure 3-
2a). From the high-magnification view (Figure 3-2b), flattened CNT clusters were clearly
observed. It suggested that the low-energy milling ball was able to break up the large CNT
agglomerates (in diameter of ~500 um, Figure 2-3a) to cluster layers. However, fine and long
CNTs were still entangled together. It was unable to produce individually dispersed CNTs by
the present LEB process.
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CNT cluster &

Figure 3-2. CNT dispersion in CNT-Al powder mixture processed by low-energy blending
(LEB) process at different magnifications. CNT clusters are shown in (b).

The CNT dispersion effect on Al powder surface through the high energy ball milling
(HEBM) process is shown in Figure 3-3. Compared with the LEB process, the energy level
was greatly increased owing to several factors. One is the comparably large ball to powder
massive ratio (5:1) in HEBM. Another factor is that the pot used for HEBM is made of hard
ZrO, ceramic, while the LEB pot is plastic. Therefore, after HEBM for only 60 min, Al
powders changed to a flaky morphology (Figure 3-3a) under the shear or compact force of
high-energy milling balls. However, in the LEB process, there was no obvious shape change
of Al powders (Figure 3-2). Flaky Al powders or Al flakes have been usually observed in
other studies using HEBM process under the assistant effect of stearic acid [6-8].
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Figure 3-3. CNT dispersion in CNT-Al powder mixture processed by high-energy ball

milling (HEBM) process with different milling times. (a,b) 1 h. (c) 6 h. (d) 12 h. (b) shows
box area in (a).

From the high-magnification view (Figure 3-3b), CNT dispersion was greatly
improved, compared with the starting state (Figure 3-3a) and that dispersed by LEB process
(Figure 3-2b). CNTs still, however, existed as flattened clusters under the impact of milling
balls. After 6 h milling, CNT clusters evolved to thin and small layers, as shown in Figure 3-
3c. Individual CNT fragments were also occasionally observed. After further milling for 12 h
(Figure 3-3d), CNT clusters were completely broken up and became individual CNT
fragments distributing on the powder surface. However, it is clearly observed that CNTs
became shortened and many exhibited a short length of ~100 nm, suggesting severe structure
change of CNTs.

3.2 Carbon nanotube dispersion in solution ball milling process
3.2.1 Integration methodology

As demonstrated in Section 1.4.2.1, there are multiple challenges in the CNT

dispersion in Al matrix composites. The improvement and difficulty in obtaining
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homogeneous CNT dispersion has been described in Section 3.1 using various traditional
methods. These methods were originated from the ideas to overcome each dispersion

problems as shown in Figure 3-4.

CNT dispersion

CNT problems in Al Al

Weak attractive
force between
CNT and Al

Strong attractive
force between
CNTs

Small absorbing
surface area of
Al powder
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modification of CNT
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Figure 3-4. Solution ball milling (SBM) process is a key to resolve the problems in CNT

dispersion in Al matrix composite from an integrative methodology of present studies.

To deal with the problem of low attractive force between Al and CNTs, chemical
methods, or solution-based surface modification of CNTs, were used to enhance their
chemical compatibility to medium aqueous [9], organic solutions [10] or polymers [10-12].
Homogeneously CNT-dispersed solution could be obtained without much difficulty. The
popular solution coating processes [1, 2, 5, 13] was based on this strategy.

A following problem is the weak attractive force between CNTs and Al, resulted from
their incompatibility of zeta potential [14]. Moreover, weak CNT-Al bonding might result in
re-aggregation of CNTs during dispersing, post drying or consolidating processes [2].
Insufficient CNT dispersion in coating process was also observed in Section 3.1.1. This

problem was resolved in the mechanical ball milling process by strongly attaching CNTs on
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Al powders under the external mechanical force. However, the energy input was difficult to
control for balancing the CNT dispersion and structure damage. Good CNT dispersion could
be achieved in HEBM for a long time of 12 h, as shown in Figure 3-3d. However, severe
CNT structure damages, such as CNT shortening and crystal-structure change, seemed
evitable, as revealed in Section 3.1.2.

The final problem is that the specific surface area of micro-sized Al powders is small
for absorbing CNTs. As revealed in Section 3.1.2, flaky Al particles with greatly improved
surface areas could be prepared using HEBM processes by preventing cold-welding of Al
powders, which agreed with some previous studies [4, 15]. However, owing to the ignorance
of the strong attractive force between CNTs, HEBM process also confronted the severe CNT
damage for dispersing CNTs [13, 16]. Accordingly, homogeneous CNT dispersion with
minor or small structure change in composites is difficult to obtain from the conventional
methods based on a single-aspect strategy. From the viewpoint of integrative methodology, a
simple but effective solution ball milling (SBM) process integrating the present strategies
into an organic unity is put forward to simultaneously resolve the three problems in CNT
dispersion. The characteristics of this method will be shown in the following parts.

3.2.2 Morphology of powder mixtures

Figure 3-5 shows the morphologies of the AI-CNT powder mixture dispersed by the
SBM process as starting CNT content is 0.5 wt.%. Similar to HEBM, the SBM process also
produced flaky Al (Figure 3-5a and b), because the solution acted as a process control agent
to prevent cold-welding of Al powders. From the local views, it is observed that CNTs are
homogeneously dispersed on all the surface of Al flakes, including both small ones (Figure
3-5¢) and large ones (Figure 3-5d). It was also observed that CNTs were strongly attached to
the Al powder surface or underlying CNTs by the mechanical force of milling balls.
Moreover, little surfactant was observed on the Al surface due to the observed weak O K
peak in the EDS analysis (inset of Figure 3-5c). Therefore, the absorbed CNT weight content
(ocnT) could be regarded equal to the measured carbon element concentration of 0.39 wt.%.
The volume content of CNTs (Vcnt) could then be estimated as 0.51 vol.% based on the rule

of mixture (Vent=~1.3mcenr) [17] using CNT density of 2.0 g ¢cm™ and Al of 2.7 g em™,
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Figure 3-5. Morphologies of CNT-Al powder mixture containing 0.51 vol.% CNTs using
SBM process at different positions and magnifications. Inset of (c) shows EDS analysis of

selected area.

As the starting CNT content is increased to 1 wt.% (1.3 vol.%), the absorbed CNT
content was measured as 0.88 vol.%. The morphology of the powder mixture is shown in
Figure 3-6. On the surface of a typical Al flake (Figure 3-6a and b), most of the surface was
well covered with un-bundled CNTs. Compared with 0.51CNT powder (Figure 3-5), the
distribution density of CNTs was increased on this 0.88CNT powder, agreeing with the
increased amount of absorbed CNTs. Some fine CNT clusters with size of ~200 nm were
observed as arrows indicated in Figure 3-6a and b. It suggested that the Al flakes produced
under present conditions might have reached the limit of CNT absorbing ability. Appling
CNT with a high content, such as 2 wt.%, would result in serious CNT agglomerations in the
present SBM conditions. Homogeneously dispersed CNTs with high contents could be
achieved by decreasing the thickness of Al flakes via adjusting milling conditions, as
suggested by the study of Jiang et al. [5].
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Figure 3-6. Morphology of CNT-AIl powder mixture containing 0.88 vol.% CNTs using

SBM process at different magnifications.

Moreover, similar to 0.51 vol.% CNT powder (Figure 3-5), CNTs were also strongly
attached to the surface of Al flakes with little surfactant remains in 0.88 vol.% CNT powder.
It was measured that the average diameter and length of CNTs dispersed by SBM was 12.1
nm and 652 nm, respectively, showing an aspect ratio of 54. The small reduction of aspect
ratio (from 58 to 54) suggested that the SBM process had no obvious effect on the CNT size
from the raw to dispersed state. A large aspect ratio was significant for achieving high load
transfer strengthening in CNT/AI composites [18, 19].

The dispersion quality can be also reflected on the appearance of extruded materials
because a weak bonding between reinforcement agglomerations and Al matrix resulted in
cracks under shear force during extrusion [19]. The appearance of extruded rods is shown in
Figure 3-7. With the pure Al, the surface condition was good because it showed a smooth
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shining color without cracks (Figure 3-7a). As CNTs were added in the SC process, the
extruded rod had ring-like scratches on the surface, suggesting that the surface condition was
degraded. The phenomenon was probably due to the existence of large CNT clusters in the
sample so that the CNT-AIl bonding interface was cracked during extrusion. As the CNT
dispersion quality was improved in the CNT/AIl composite rod processed by SC on flaky Al,
the scratching phenomenon was inhibited to some extent (Figure 3-7a). With the extruded
samples processed by SBM, the two composites exhibited similar appearance to the pure Al
processed by SBM (Figure 3-7b), indicating the homogeneous CNT dispersion in composites.
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Figure 3-7. Appearance of extruded rods processed by solution coating (a) and solution ball
milling (b).

3.3 Microstructural characteristics

3.3.1 Grain size and texture

Figure 3-8 shows the grain information, including grain orientation and rotation
angles of grain boundaries (RAGBSs), grain orientation and average grain size (GS) of pure
Al and the 0.88CNT/AI processed by SBM. From the image quality (1Q) figures (Figure 3-8a,
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¢, and e), the high angle grain boundaries (HAGBs) with angles larger than 15< were
dominant in the all materials. However, as CNTs were added, the fraction of low angle grain
boundaries (LAGBS) (<15 was noticeably increased (Figure 3-8e). It suggested that CNTs
might show effect on the growth and rotation of matrix grains during p8rocessing. As seen
from the inverse pole figures (IPFs) (Figure 3-8b, e, and f), <111> oriented grains were found

to be dominant along the extrusion direction in all samples.
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Figure 3-8. Grain information of pure Al (a,b), SBM Al (c,d) and 0.88CNT/Al (e,f). (a,c,e)
Image quality figures with grain boundary information. (b,d,f) Inverse pole figures (IPFs).
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Moreover, the pure Al and SBM showed similar average GS of ~2.2 um, reasonably
owing to the low-energy input on Al powder particles during the SBM process. With the
composite containing 0.88 vol.% CNTs (Figure 3-8f), the average GS was decreased to 1.87
um. It suggested that CNTs had pinning effects on Al grain growth during consolidation in
AMCs. Figure 3-9 typically shows a fine Al grain near a CNT in 0.88CNT/AIl composite
observed by TEM. The Al phase can be identified by SAD patterns as shown in the inset of
Figure 3-9b.

Figure 3-9. A typical fine Al grain in 0.88CNT/Al composite observed by TEM. (a) BF
image. (b) DF image. Inset of (b) shows the SAD patterns.

3.3.2 Phase compositions

Figure 3-10 shows the X-ray diffraction (XRD) patterns of pure Al, SBM Al and
CNT/AI composites. From the normalized patterns (Figure 3-10a), the <111> planes were
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found to be dominant along the extrusion direction. Both the dispersion process and CNT
addition had little effect on the grain orientations. It agreed well with EBSD results as shown
in Figure 3-8. To determine the possibly formed AlsCz phase, the patterns of 0.88CNT/Al
were magnified as shown in Figure 3-10b. It is seen that there is no possible Al4Cs peak at
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Figure 3-10. XRD patterns of processed materials. (a) Normalized patterns with same

intensity of the (111) peak. (b) Magnified patterns of 0.88CNT/AI.

From the TEM observation, AlsCs phases were, however, occasionally observed as
typically shown in Figure 3-11. The Al4C3 compounds showed a rod-like shape in an ultra-
fine size with a diameter of ~50 nm (Figure 3-11a). The AlsCs phase can be clearly identified
by the SAD patterns in Figure 3-11b. The fully physical contact between dispersed CNTs and
Al in the SBM process (Figure 3-5 and Figure 3-6) might be helpful to achieve an ideal

45



reactive interface via the combination with SPS and hot-extrusion. Therefore, the chemical
reaction between Al matrix and CNTSs, especially damaged CNTs [20], was then greatly
promoted. From the BF-TEM image (Figure 3-11a) and corresponding SAD patterns (Figure
3-11b), the nanorod were identified as single-crystal Al4Ca. Interestingly, the in-situ formed
Al4Cs nanorods had basal planes (001) of the hexagonal crystal parallel to the axis direction.
Since CNT has the same crystal characteristic (Figure 2-3d), it suggested that AlsCs nanorods
might be in situ formed by the template reaction of CNT and matrix Al.

The in-situ AlsCs nanorods were reported helpful to increase the strength of CNT/AI
composites [21], probably due to their fine size and the load transfer enhancement from
damaged CNTs to the mono-crystal nanorods. Combination of XRD and TEM analysis

indicated the small quantity of AlsCs phases.

OL 2 |
o5z luim|

Al,Cs [110]

Figure 3-11. BF-TEM observation (a) and SAD patterns (b) of Al composite reinforced with
0.88CNT.
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3.4 Mechanical properties

3.4.1 Tensile properties and hardness

Mechanical properties of CNT-reinforced composites were greatly dependent on the
dispersion state of CNTs [17, 22]. Therefore, the strengthening effect of CNT addition in
AMCs was also investigated. Figure 3-12 shows the true tensile stress-strain curves of the
processed materials. It was observed that a little increase of tensile strength (UTS) of Al
happened from 133 MPa of pure Al to 140 MPa of SBM-AI, probably because of the small
work hardening effect of milling balls on Al matrix in SBM process. Compared with the
reference SBM-AI, the composites consolidated from 0.51CNT and 0.88CNT powders were
noticeably increased (Fig. 8a) to 160 MPa and 171 MPa, respectively. Moreover, the CNT/AI
composites still had a good plasticity with elongation of ~20%. The hardness of Hv0.025 was
measured as 48.240.7 MPa, 52.1+1.2 MPa, 57.8+1.1 MPa and 63.0+1.5 MPa for pure Al,
SBM Al, 0.51CNT/AIl and 0.88CNT/AI. It also showed noticeable reinforcing effect by
adding CNTs.
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Figure 3-12. Nominal tensile stress-strain curves of processed materials. Inset shows

appearance of a tensile specimen.

47



3.4.2 Reinforcing effect of carbon nanotubes

Figure 3-13 shows the fracture morphology of pure Al materials without CNTs after
the tensile test. Both raw Al and SBM Al exhibited a highly ductile fracture mode, with large
area reduction ratio (ARA) (Figure 3-13a and c¢) and hierarchical dimples (Figure 3-13b and
d). The necking or fracture area of raw Al and SBM were reduced from 3 mm to ~1 mm,
suggesting large ARA values of ~67%. However, CNT/Al composites (Figure 3-14) showed
distinct fracture morphologies compared with pure Al. Necking phenomenon was not
obvious during the tensile test, and ARA values were greatly reduced. Moreover, the dimple
size became much more uniform (Figure 3-14a and c) than that of pure Al materials. These
facts agreed with the observed decrease of tensile elongation of CNT/AI composites (Figure
3-11).

Figure 3-13. Fracture morphology of pure Al (a,b) and SBM Al (c,d) specimen at different

magnifications.
Another difference is that pulled-out CNTs were observed on the fracture surface of

CNT/AIl composites (Figure 3-14b and d), suggesting the effective load transfer from matrix
to CNTs during tensile failure. The high load transfer efficiency in CNT/Al composites were
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resulted from a strong interfacial strength between CNTs and Al matrix [23]. The strong
interfacial bonding was originated from the effective physical contact between CNTs and Al

matrix.

Figure 3-14. Fracture morphology of 0.51CNT/AI (a,b) and 0.88CNT/AI (c,d) specimens at

different magnifications.

The matrix could be strengthened by CNTs in the possible mechanisms of grain
refining and load transfer strengthening [24, 25]. The average grain size of SBM-AI,
0.51CNT/Al and 0.88CNT/AIl materials were measured as similar values of ~2 um (Figure 3-
8). It suggested that the grain refining contributed little (~1 MPa) to the strength
improvement in AMCs according to Hall-Petch formula [24]. Considering the load transfer
strengthening of CNTSs, the composite strength (oc) can be obtained from the generalized

shear-lag model [26] and expressed as:

o, =0, +%VO‘m (Eq. 3-1)
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where om was the matrix strength, and V and S are the volume fraction and aspect ratio of
CNTs, respectively. The reinforcing effect (r) of CNTSs, or the relative strength improvement

of CNT/AI composites, can be expressed as:

r=—¢—-nm (Eq. 3-2)
By introducing Eq. 3-1 to Eq. 3-2, r can be expressed as:

S
r:E-V. (Eq. 3-3)

Since S was estimated as 53 for CNTs in SBM process from Figure 3-5 and 6, the
relation between predicted r from Eq. 3-3 and measured r from Eq. 3-2 are shown in Figure
3-15. The strengthening efficiency (R), or the slope of r-V line, was half of S of CNTs, which
was 26.5 for SBM composites. It can be seen that yield strength (0.2%YS), UTS and
hardness of CNT/AIl composites agreed well with the predictions (Figure 3-15). It suggested
that the high strengthening potential of CNTs has been almost achieved through the load
transfer mechanism by the SBM process.

R of CNT/AI composites processed by SBM showed the similar value of Flake PM,
and it was far larger than R of 7.5 by HEBM, which was reasonably due to the small S of
CNT fragments in HEBM [27]. However, UTS of the present 0.88CNT/AIl composite (192
MPa) was still low compared with the CNT/AI composites processed by HEBM (345-366
MPa) [28]. It was because oc was proportional to om (Eq. 3-1), and om of CNT/Al composites
by SBM (140 MPa) was far lower than that by HEBM (284-377 MPa) [28]. CNT/AI
composites with excellent mechanical properties could be expected by applying strong Al
matrix with ultra-fined grains or alloy-strengthening elements in the present SBM process.
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Figure 3-15. Increment of mechanical properties of CNT/Al composites as a function of
CNT volume content.

3.5 Characteristics of different dispersion methods

The structural damages of CNTs were another significant aspects to evaluate the
dispersion methods. Raman spectra has been used for characterize the crystal-structure
change of CNTs after processing in many studies [28-32]. The peaks at ~1350 cm™ and
~1572 cm™ correspond to a typical D-band (defect) and G-band (graphite), respectively. The
relative intensity between the two peaks (Ip/lg) is known to provide information about the
quality of the internal CNTs. A higher value of Ip/lc suggests a higher defect density in
CNTs.

Figure 3-16 shows the Raman spectra of processed materials using different
dispersing methods with starting CNT contents of 1.3 vol.%. The value of Ip/lg of raw CNT
powder was 1.19. SC powder showed the same value, and it suggested a minor CNT change
of the dispersion process by coating. However, Ip/lc was respectively increased to 1.46 and
1.49 of HEBM 1 h powder and HEBM 12 h powder, which suggested the noticeable
structure change of CNTs in HEBM process. Ip/lc of SBM powder was 1.33, much smaller
than that of HEBM powders. After consolidation, Ip/lc of CNT in SBM was almost kept the
same value, which suggested the minor effect of consolidating on the structure of remained
CNTs. A peak at ~830 cm™®, which might be the AlsCs peak from the study of Sun et al. [33],
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was also detected. It suggested the probable formation of AlsCs phase in the present
consolidation conditions.

Moreover, it was observed that there was a peak shift of G-band for HEBM powders
and the SBM-consolidated materials, which agreed with the observations in the HEBM
powder mixture [34]. The peak shift of G-band came from the compressive strain in CNTs
induced by a high-velocity impact of balls on CNTs during HEBM. It was noted that the
SBM powder showed no peak shift of G-band, because solution acted like a buffer to reduce
the impact of high-velocity balls on CNTs. Therefore, from the information on the
morphologies (Figure 3-5 and Figure 3-6) and crystal-structure (Figure 3-16) of CNTSs,
homogeneously dispersed CNTs with a large aspect ratio and small structure change were

obtained in Al through the SBM process.

ALC, CNT: D-band G-band
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Figure 3-16. Raman spectra of raw CNT powder, solution coating (SC) powder, high energy
ball milling (HEBM) AI-CNT powder for 1 h and 12 h, solution ball milling (SBM) powder
and SBM-consolidated composite. All starting CNT contents are 1 wt.%. Note that no peak

shift of G-band happens to SBM powder.
The characteristics, including the description, dispersion effect, CNT damages, merits

and demerits of previous dispersion methods as well as the SBM process were summarized in
Table 3-1. The conventional SC [1, 13], LEB [35] and HEBM processes [15, 16, 21, 28, 31,
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32, 34, 36, 37] were simple processes but difficult to obtain well-dispersed and little-

damaged CNTs in AMCs. The results in Section 3.1 also confirmed this point.

Table 3-1. Characteristics of different dispersion methods in CNT-Al system.

Dispersion Method description CNT dispersion and Merits Demerits or
method dispersed CNT limitations
content
Solution Al powders bath in Large quantity of CNT Simple and Difficult to obtain
coating inorganic [9] or organic [1] clusters are observed fast. Small or  well-dispersed CNTs
(SC) solutions containing on dried powder minor CNT in composites.
dispersed CNT. Ultrasonic surface. structure
vibration is sometimes used change.
[13].
Mechanical Low energy blending Small content of CNTs Simple and Ineffective to get
mixing (LEB): CNT-AI powders is broken up from low-cost. Small ~ well-dispersed CNTs
are blended without balls or  clusters. Minor change ~ CNT structure in composite.
ball milled with low energy of Al powder shape. change.
[35].
High energy ball milling CNT fragments are Effective to Cold-welding
(HEBM) without process dispersed into cold- obtain well degrades the CNT
control agent (PCA): Large  welded and large-sized  dispersed CNT.  dispersion. Difficult
BPR and high speed [40]. Al powders. Process is to disperse high-
flexible. content CNTSs.
HEBM with PCA: milling CNT fragments are Effective to Severe CNT
agents such as solid acid well-dispersed on flaky obtain well structure damage and
[41], methanol [36], alcohol ~ powder surface. High dispersed and length reduction.
[27], and polymer [37] are content CNTs can be high-content Removing of PCA is
added to assist the milling dispersed. CNT. Process often required.
of CNT and Al powders. is flexible.
In situ Growth of Ni or Co catalyst Uniform CNT No need to Nanoparticles are
grown [38, on Al powers. Growth of dispersion. CNTs stand purchase CNTSs. introduced in
39] CNTs on Al-Ni or Al-Co and bend on Al High CNT composites. Difficult
powders. surface. content. to obtain high-quality
CNTs.
Flake Flaky Al is first produced. Homogeneous CNT Minor CNT Alumina were
powder Modify both CNT and Al dispersion on flaky structure introduced in
metallurgy  surface. Al powders bath in ~ powder surface. Flake change and composites.
[3-5] aqueous solution with thickness affects high dispersed ~ Removing of PVA is
dispersed CNTs. dispersed CNT CNT content of required.
content. 2 vol.%.
Solution Combine solution coating, Homogeneous CNT Simple, flexible  High content CNTs
ball milling  mechanical ball milling and dispersion. CNTs and fast. Small  are under exploring.
(SBM) in flaky Al preparing into a strongly stick to flaky CNT damage
this study single step. Al surface. CNT change. No
content is up to 0.88 need heat
vol.%. treatment.

In-situ grown [38, 39] and flake powder metallurgy (Flake PM) [3-5] were two

recently reported methods to disperse CNTs in AMCs. In-situ grown method elaborately
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translates the three problems of CNT dispersion shown in Figure 3-4 to an easier task of
dispersing catalyst nanoparticles onto Al powder surface. In the Flake PM, the three
problems were respectively overcome by modification of CNTs, modification of Al surface,
and utilization of Al flakes. Homogeneous CNTs were dispersed on Al surface and
contributed to enhanced composite strengths in these two methods. Compared with in-situ
grown and Flake PM, the present SBM process was simple, easy to manipulate, and free of
introduction of additional phases, because it combined the two conventional simple
approaches of SC and HEBM into one unity. More importantly, the shortcomings of
individual SC and HEBM were made up for each other.

The solution in SBM, more of a function in decreasing attractive force between CNTs
in SC, decreased the force of high-energy milling balls on CNTs. It also acted as a PCA to
help produce Al flakes. Therefore, well-dispersed CNTs can be produced on Al surfaces with
much larger length and smaller structure damage than HEBM process. Surfactants were the
probable impurity source in the SBM process. However, because high-velocity milling balls
strongly impacted CNTs onto the Al surface, the dynamic ball milling process was helpful to
depart surfactants to the solution from CNTSs. It resulted in little surfactant in the CNT-AI
powder mixture (Figure 3-5 and Figure 3-6), and post heat-treatment was not essential for
SBM process. However, to remove the remained surfactants, post heat-treatment was
essential in the coating process, such as the SC process, SCF process and the Flake PM
process. Therefore, these characteristics made SBM process simple and effective to obtain a
homogeneous CNT dispersion with a large aspect ratio and small structure damages, which
was more fascinating among the present dispersion methods. In a recent study, the SBM
process was applied on Ti matrix reported by Wang et al. [42], homogeneous CNT dispersion
and noticeable strength improvement were also achieved in Ti matrix composites reinforced
with 0.4 wt.% CNTSs. It suggested the great application potential of the developed SBM

process in metal matrix composites.

3.6 Conclusions

In this chapter, an integrated strategy of SBM process was applied to overcome the
problems and challenges in the CNT dispersion. CNT dispersion quality was investigated and
compared with those of the conventional approaches in CNT-Al composite system. The
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characteristics of the present CNT-dispersion methods, including the conventional and some
newly developed processes, were compared with the SBM process. Moreover, CNT/AIl
composites were fabricated by SBM and following consolidations by powder metallurgy.
The mechanical properties of CNT/Al composites were characterized. The role of CNT
addition in the strengthening of CNT/AIl composites was examined and discussed. Major
findings are listed below.

(1) The combining use of the solution coating and HEBM in the SBM process provided
a simple and effective approach to obtain un-bundled CNTs on the Al powders. There was
small structure damage or length reduction of CNTs dispersed by the SBM process.

(2) CNT addition has small effects on the grain size and orientation on the Al matrix.
The CNT/AI composite extrusions had similar smooth surfaces with pure Al.

(3) Small amount of Al4Cs nanorods were detected in CNT/AIl composites. It might be
helpful for the load transfer strengthening and contributed to the strength improvement in
CNT/AI composites.

(4) The experimental strengthening effect of dispersed CNTs agreed with the
strengthening potential predicted by the generalized shear-lag model. It suggested that the
reinforcing potential of CNTs has been almost reached in the present process.

(5) The structure damage of CNTSs that dispersed by the SBM process was much smaller
than that of the traditional HEBM process. Moreover, there was minor effect of consolidating
on the structure of remained CNTSs.

(6) The present results showed that the SBM process was promising for producing high-

performance metal matrix composites reinforced with CNTs.
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Chapter 4
Interface Control in Carbon Nanotube Reinforced Al

Matrix Composites

In this chapter, attempts were made to set up the relationships between interfacial
structures and mechanical properties of CNT/AIl composites. Two processing routes, i.e. post
heat treatment (PHT) and spark plasma sintering (SPS), were applied to tune interfacial
structures. Since processing temperature was the most significant factor influencing the
interfacial reactions, it was used as the experimental variable in the two routes.

In the first part, the effect of PHT temperature on the interfacial and tensile properties
of CNT/AI composites were investigated. To clarify the observed abnormal decrease of both
strength and ductility of pure Al and CNT/AI composites at high PHT temperatures, the
microstructures were characterized. To clarify the observed cracking phenomenon, an in-situ
study was performed to examine the microstructures of CNT/Al composites at elevated
temperatures. Various SPS temperatures were applied to investigate the effect of powder
bonding before PHT on the cracking behaviors. Based on the results, the cracking
mechanism was proposed and the approaches for suppressing cracking were discussed.

In the rest part, the interfacial structures of CNT/AIl composites processed under
various SPS temperatures were systematically investigated by TEM studies. The density and
electrical conductivity were characterized to understand the macroscopic interface conditions.
The possibly formed interfacial phases were examined by X-ray diffraction and Raman
spectroscopy. Detailed TEM and high-resolution TEM analyses were used to investigate the
microscopic structures of CNT and interfacial carbide phases. To understand the
strengthening effect of CNTSs, the tensile properties of pure Al and CNT/AI composites were
studied. The effect of SPS temperature and interfacial characteristics on tensile properties
were investigated. Strength improvements contributed by grain refinement and load transfer
were quantitatively estimated using strengthening models. The fracture morphologies were
characterized to understand the failure modes of CNTs in composites during tensile tests.
Based on the results, the relation between the interfacial characteristics and the load transfer

efficiency was discussed.
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4.1 Effect of annealing temperature on interfacial and tensile

properties

Figure 4-1 shows the dispersion effect of CNTs on Al powder surface through the
solution coating (SC) process. After high energy ball milling (HEBM) for 4 h, Al powders
changed to flaky morphologies (Figure 4-1a). The Al flakes had a thickness of several
micrometers and a diameter of several tens of micrometers. Many homogeneously dispersed
CNTs could be observed on the flaky Al surface (Figure 4-1c), which has been described in
Section 3.1. However, some small CNT clusters with size of ~1 um were still observed, as

indicated in Figure 4-1b and d by arrows.

Figure 4-1. CNT distribution on Al powder surface. (a) A low magnification view shows Al
flakes. (b) A general view of CNT dispersion. (c) A local view shows good CNT dispersion.
(d) A local view shows a typical CNT cluster.

The phase compositions in CNT/Al composites processed under different PHT
temperatures are shown in Figure 4-2. As the temperature was below 550°C, only Al peaks
were observed in CNT/AI composites, similar to the pure Al materials. As PHT temperature

is attained to 550°C, weak peaks corresponding to the Al4Cz phase were observed in the
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CNT/AIl composite. When the temperature exceeded 550°C, the AlsCz peak intensity
increased, suggesting that the degree of interfacial reaction and the amount of formed Al4Cs
phase were enhanced at elevated temperatures.

At PHT temperature of 650°C, except for Al and Al4Cz peaks, some unknown peaks
appeared in the CNT/AIl composite (Figure 4-2). It was because that some trinary Al-C-O
reactions [1] might happen as the temperature was near the melting point of Al (Tm, 660°C).
The results indicated that it might be possible to control the AlsCs amount via the

temperature of PHT process.
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Figure 4-2. XRD patterns of pure Al and CNT/Al composites processed by post heat-

treatment at various temperatures.

Figure 4-3 shows the engineering stress-strain curves of pure Al and CNT/AI
composites with different PHT temperatures. Both of the two kinds of materials experienced
the same Al-flake producing, CNT coating, drying, compacting and hot-extruding processes
before PHT. It can be seen that both pure Al and CNT/Al composites showed similar
tendencies of mechanical properties, as PHT temperature is increased from 450°C to 650°C.
At PHT temperature of 450°C, both the strength and ductility were interestingly improved. It
was probably due to the simultaneous enhancement of powder bonding and interfacial

bonding during the PHT process at elevated temperatures.
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However, as PHT temperature was increased to 550°C, strength and ductility
noticeably decreased, even lower than the as-extruded materials. As PHT temperature was
further increased to 650°C, the strength dramatically degraded to a low level. The ductility of
CNT/AIl composite also showed a distinct decrease. The same tendency of pure Al and
composites suggested that it is not the interfacial structures but other factors that played
dominant roles in determining the observed degradation of mechanical properties of CNT/Al

composites processed at high PHT temperatures over 550°C.
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Figure 4-3. Engineering tensile stress-strain curves of pure Al and CNT/Al composites

experienced different post heat-treatment temperatures.

4.2 Micro-crack formation in powder metallurgy Al matrix

composites during annealing

4.2.1 Cracking in annealed materials

In order to understand the reason causing the degradation of mechanical properties of
the materials experienced the PHT process, the microstructures of as-extruded Al and Al
sample after PHT-550°C process were examined. From Figure 4-4a and b, it is clear that the
as-extruded materials showed nearly dense structure, with a relative density of 99.5%
measured by the Archimedes method. However, many micro-cracks formed in the Al sample

after PHT-550°C process, as shown in Figure 4-4c and d. This observation agreed with the
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decrease of the measured relative density (97.3%). Undoubtedly, the formation of micro-
cracks was fatal for the mechanical response of Al and CNT/Al composites during tensile test,
because they acted as preferential sites for the initiation and growth of cracks [2, 3]. It
reasonably resulted in the observed degraded tensile properties (Figure 4-3).

Pure Al
As-extruded

Pure Al d)y”
PTH-550°C ( r

L

Micro-cracks
Py o

Figure 4-4. SEM observation of as-extruded Al (a, b) and Al sample experienced post heat-
treatment (PHT) at 550°C (c,d) at different magnifications.

4.2.2 In-situ observation on micro-crack formation at elevated
temperatures

To confirm the cracking phenomenon, an in-situ study was applied on the CNT/AI
composite at elevated temperatures. Figure 4-5 shows the in-situ OM observation results of
the as-extruded CNT/AI composite during the PTH process. During the heating-up process
from 400-550°C (Stage A-D in Figure 4-5a), no obvious microstructure change was observed
(Figure 4-5b). At 567°C (Stage E in Figure 4-5), a micro-crack formed in the sample. As the
temperature was further increased, the cracks noticeably expanded with increased length and
width (the black area in Stage F-H in Figure 4-5). It was clear that the formation of cracks
happened during the heating-up process during PHT. The crack initiation temperature
(567°C) was a little higher than 550°C of which temperature micro-cracks were observed
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(Figure 4-4d) in the composites. It was probably because the size or dimension of the micro-
cracks formed at 550°C was too small (observed at magnification of >500 in Figure 4-4c) to

be detected at low magnification of >30, as shown in Stage D of Figure 4-5.
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Figure 4-5. The recorded temperature-time curve (a) and corresponding OM images during
the in-situ heat-treatment process (b). The capital letters (A-H) indicates different stages
during PHT. Note a micro-crack formed during the heating-up process at 567°C as arrows
indicated in stage E.

4.2.3 Micro-crack formation mechanism

To further investigate the formation mechanism of micro-cracks during PHT process,
CNT/AI composites processed under different consolidation process were experienced a
same PHT-650°C process. The OM microstructures are shown in Figure 4-6. With the SPS-
PHT sample, no crack was were observed in the sample. With the SPS450°C-extrusion-PHT
sample, large holes or cracks formed. As SPS temperature was increased to 550°C, the crack
size noticeably decreased. As SPS temperature was further increased to 650°C, no crack was
observed. The results suggested that the crack formation only happened to those materials
experienced hot-extrusion and PHT process. Materials consolidated by SPS process showed
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no cracks. Moreover, if hot-extrusion process follows with the SPS process, the SPS
temperature showed great effect on the crack formation during the PHT process. High SPS

temperature was effective to suppress the crack formation during PHT process.
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Figure 4-6. OM microstructure of CNT/Al composites under different consolidation
processes followed with a same PHT-650°C process. Note that the small grey materials in (a)
and (d) are SiC particles set in the soft matrix during sand-grinding. The large black areas in

(b) and (c) are holes or cracks.

It was well known that during some severe plastic deformation (SPD) processes
where SPD happened to materials, such as torsion, rolling and hot-extrusion, large quantity
of energy was stored in materials [4]. The energy existed as various states, such as
dislocation, refined grains and residual stress [5]. Figure 4-7 schematically shows the
evolution of stress states in Al powders during processing. The powders acted as springs
(Figure 4-7a) that were able to store the stress under the external mechanical force during the
SPD processes (Figure 4-7b). At the same time, material density was improved by decreasing
the distance between powders, forming primary powder boundaries (PPBs). Both strong

metallurgical bonding and weak bonding might exist in the materials, which was dependent
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on the SPD parameters. In Al materials, the dense alumina film on Al powder surface was
also one factor leading to the weak powder bonding [6].

As a PHT process was applied to the SPD materials, such as compactions of ball
milled powders and as-extruded materials, the remained residual stress inside powders would
release under the thermal impact, like springs once more. Accompanied with the release of
residual stress, strain was produced at the PPBs. If the powder bonding prior to PHT was not
effective enough (Figure 4-7b), micro-cracks might form in the material during the PHT
process (Figure 4-7c). On the other hand, with strong powder bonding in the composite
sintered at high temperatures (Figure 4-6d), the cracks were successfully prevented.
Therefore, to suppress possibly formed micro-cracks, low PHT temperatures or good powder
bonding before SPD process were recommended. These results might provide significant
guidance for the use of PHT process on SPD materials.

Additionally, the results indicated that the information on the relation between the
interfacial structure and mechanical properties could not be obtained by the PHT process. It
was because the mechanical properties were greatly degraded because of the micro-crack
formation at PPBs. However, the PHT process might be still effective to control the
interfacial reaction with different amount of Al4Cs phases (Figure 4-3). Direct temperature
control of the sintering process would be another approach to investigate the relation between

interfaces and mechanical properties, as demonstrated in the following sections.

(a) (b) Primary powder (C)
Residual Poundary (PPB)
Al powder
Spring E/\ stress Weak Release (\Crack
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Figure 4-7. Scheme of micro-crack formation in materials experienced SPD and PHT
process. (a) Raw powder or consolidated bulk by SPS or compaction. (b) The materials
experienced SPD process. (c) The SPD materials experienced PHT state. Note that springs

inside powders schematically suggested stress state in materials.
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4.3 Macroscopic analysis on interfacial characteristics of carbon

nanotube/Al composites

4.3.1 Carbon nanotube dispersion

Figure 4-8 shows the CNT dispersion effect on the fabricated flaky Al powder
surface after the developed mechanical solution coating (MSC) process. The homogeneously
dispersed single CNTs on Al surface could be observed in Figure 4-8b. Compared with the
previous solution coating process, the improved CNT dispersion was achieved in the present
MSC process due to the dynamic blending assisted dispersion of CNTSs, as revealed in
Section 3.1 and Section 3.2. Compared with the previous SBM process as described in
Chapter 3, the MSC method developed in this study was simpler and would cause less CNT

damage because of the low energy input during the dispersion process [7].

Figure 4-8. CNT distribution on flaky Al powder surface. (a) A low magnification view. (b)
A high-magnification view shows well-dispersed CNTs on flakey powder surface.
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4.3.2 Density and electrical conductivity

Figure 4-9 shows the relative density of as-sintered pure Al and CNT/AI composites.
It was observed that the relative densities of both pure Al and CNT/AI increased with
increasing SPS temperature from 427°C to 627°C (Figure 4-9), which was reasonably due to
the improved plastic deformation and resultant decrease of porosities and increase of bonding
conditions at higher sintering temperatures. It was also seen that before 627°C, the relative
density of CNT/AIl was lower than that of the corresponding pure Al material. At 627°C, both
of CNT/AI and pure Al had a high relative density of ~99%. However, relative density only
reflects the apparent compactness but not the atom-scale bonding conditions between Al
powders or between Al and CNT. The conductive properties, such as electrical conductivity
(EC), were greatly dependent on the bonding conditions in MMCs [8].
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Figure 4-9. Relative density of as-sintered pure Al and CNT/Al composites with various

sintering temperatures.

Figure 4-10 shows the measured EC of as-sintered pure Al and CNT/AI composites.
It was observed that at 427°C and 477°C, the EC of pure Al and CNT/AI composites showed
extremely low values of ~0 IACS%, suggesting the non-bonding state of Al grains. It was
interesting to see that dramatic EC increases of pure Al and CNT/AI composites happened

when ST exceeded 527°C. However, EC of CNT/AI composite was much smaller than that of
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pure Al at 527°C and 577°C. Then at 627°C, this difference became very small. These facts
suggested that CNT additions had great effect on inhibiting the sintering-induced bonding of
Al powders at low sintering temperatures [9].

The results suggest that in as-sintered CNT/Al composites, the bonding between Al
powders and between CNTs and Al matrix were effective at 627°C, but insufficient below it.
After hot-extrusion, relative density of all pure Al and CNT/Al composites sintered at
different sintering temperatures were measured as over 99%. Although EC was not able to
measure due to the size restrict of extruded samples, it could be expected that the bonding

conditions were still different because of their large difference in as-sintered materials.
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Figure 4-10. Electrical conductivity of as-sintered pure Al and CNT/Al composites with

various sintering temperatures.

4.3.3 Grain information

The grain orientation and grain size (GS) of pure Al and CNT/Al composites are
shown in Figure 4-11. All pure Al (sintered under 427°C, 527°C and 627°C as typically
shown in Figure 4-11a through c respectively) and corresponding CNT/Al composites
(Figure 4-11d through f) showed <111> oriented texture along the extrusion direction. This
type of texture became extremely strong at 627°C for pure Al (Figure 4-11c) and CNT/AI

composite (Figure 4-11f). It was reasonably because during hot-extrusion the grain rotation
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ability could be improved with enhanced bonding conditions between Al powders at a high

sintering temperature of 627°C (Figure 4-10).
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Figure 4-11. Inverse polar figures (IPFs) of grains in pure Al (a-c) and CNT/AIl composites
(e-g) at various sintering temperatures: (a,d) 427°C, (b,e) 527°C, (c,f) 627°C. Insets of (a)-(f)
shows corresponding polar figures.
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<111> texture was reported as a beneficial texture to enhance the strength of face-
centered cubic materials like Al and Cu [10, 11]. Combination of SPS and hot-extrusion has
been reported to produce CNT/Al composites with <111> texture, as revealed in Section
3.3.1. The present study further suggested that this kind of texture was affected by the
sintering conditions prior to hot-extrusion.

Figure 4-12 shows the average GS of pure Al and CNT/AI composites as functions of
sintering temperatures. The GS of pure Al was maintained within 427-577°C, and increased
at 627°C reasonably due to the grain growth at a high sintering temperature. However, the
average GS of CNT/AI composites was maintained at similar values at all STs, suggesting
the pinning effect of CNTs at PPBs to prevent the grain growth during SPS, even at a high
temperature (627°C) near the melting point of Al (660°C).
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Figure 4-12. Average grain size of pure Al and CNT/AI composites as functions of SPS

temperatures.

4.3.4 Phase compositions

Raman spectrum has been used for characterizing the crystal-structure of carbon-
related reinforcements in AMCs in many previous studies [11-15], with CNT damage-band
(D-band) near 1350 cm™ and CNT graphite-band (G-band) near 1570 cm™and aluminum

carbide (AlsCs) bands near 350 cm™ and near 840 cm™. Figure 4-13 shows the Raman
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analysis of the processed materials in this study. Strong peaks at 1345 cm™ and 1572 cm™ in
raw CNT powder and CNT/Al composites with sintering temperatures ranging from 427-
627°C suggested the general remaining of CNT phases in the composites. Two weak peaks at
~360 cm™ and ~830 cm™, which might be the Al«Cs peaks [16], was also detected in
CNT/AI-602°C and CNT/AI-627°C. It suggested the probable formation of Al4C3 phases in
the two composites.

Moreover, it was observed that there was a noticeable peak shift of G-band to 1598
cm™? for CNT/AI-602°C and CNT/AI-627°C but no shift in other materials. The peak shift
phenomenon has been observed accompanying with carbide formation in CNT/AI
composites processed by solution ball milling as described in Chapter 3. In the present
composites, Al4C3 was also detected by the combination of Raman and TEM analysis (TEM
results are shown in the next section). These facts indicated that some specific CNT structure

changes (because of G-band shift) might be the precondition for the formation of Al4C3 phase.

CNT D-band G-band

Al,C, Al,C,

__CNT/AI-602°C |
wSNT/AI-577°C |

Intensity /a.u.

. | CNT/AL527°C |

M,ELCNT/AI—427°C
| Raw CNT

ol

200 400 600 800 1000 1200 1400 1600 1800
Laman shift /cm”

Figure 4-13. Raman spectra of CNT/Al composites processed under different sintering

temperatures.

The XRD patterns of CNT/Al composites sintered at various sintering temperatures
as well as the pure Al sintered at 627°C are shown in Figure 4-14. For CNT/Al composite
sintered at 427-602°C, only Al peaks were detected. However, Al4Cz peaks were observed in
CNT/AI-627°C (Figure 4-14), confirming the formation of AlsCs phase in CNT/AI-627°C as
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revealed by Raman spectra (Figure 4-13). From the combination of Raman and XRD analysis,
it suggested that Al4C3z phases started to form at 602°C, and their amount was noticeably

increased at 627°C.
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Figure 4-14. XRD spectra of CNT/AIl composites processed under different STs.

44 TEM analysis on interfacial characteristics processed at

various sintering temperatures

Low-magnification TEM views on CNT/Al composites processed at various sintering
temperatures are typically shown in Figure 4-15. The composites showed similar average
grain size of ~1.5 um, basically agreeing with the EBSD results (Figure 4-12). Only
dislocations were observed at low-magnification views. To confirm the CNT phase, the
analysis results by combining TEM and EDS on the composite CNT/AI-527°C are shown in
Figure 4-16. From BF-TEM images (Figure 4-16a), some fibrous phases were observed in
the matrix. From the element distribution images (Figure 4-16b through d), high carbon
concentration and low Al concentration were observed corresponded to the fibrous phases.
These fibrous phases were therefore identified as CNTs. Around CNTSs, rich oxygen content
was also observed. However, some Al grains were also rich in oxygen. High oxygen

concentration in CNT/Al was resulted from the Al-flake producing process using HEBM [17].
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Figure 4-15. Low-magnification TEM views on CNT/Al composites processed under
sintering temperatures of 527°C (a), 577 °C (b) and 627°C (c).
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Figure 4-16. Combination of TEM and EDS analysis on CNT/AI-527°C. (a) BF-TEM view,
(b) Carbon, (c) Oxygen and (d) Al elements.
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Figure 4-17 shows high-magnification views on CNTs in CNT/AI-527°C. Owing to
the similar atom weights of carbon and Al, CNTs had similar contract to matrix Al in the BF-
TEM image (Figure 4-17a). However, the interfaces had a relative black contrast, so the
CNTs were distinguishable in the Al matrix (Figure 4-17a). An HR-TEM image on the
interface is shown in Figure 4-17b. The outline of the CNT or the CNT-AI interface can be
clearly observed in black contrast. The structure of CNT walls were not seen probably due to

the overlap of carbon atoms and Al atoms during the TEM observation.

Figure 4-17. High-magnification TEM views on CNTs in CNT/AI-527°C.
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Figure 4-18 and Figure 4-19 show the TEM observations on CNT/AI-577°C. Many
CNTs without interfacial AlsCs phases were also observed, as shown in Figure 4-18 at
different magnifications. The CNTs phases with distinguishable interfaces were observed in
Al matrix as the black arrows indicated in Figure 4-19a. However, AlsCs phases were
occasionally detected at the CNT end, as the white arrow indicated in Figure 4-19b. The
Al4Cs phase was identified through the SAD patterns (Figure 4-19c). The Al4Cs phase had a

fine size with a similar diameter of CNTSs.

Figure 4-18. TEM views on CNTs in composite CNT/AI-577°C.
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Figure 4-19. TEM views on CNT/AI-577°C. (a) A low-magnification view, (b) A high-
magnification view and (c) SAD patterns.
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As sintering temperature was increased to 602°C, the reaction degree between CNTs
and Al further increased, resulting in the increase of the size and amount of AlsCs phases.
Figure 4-20a shows two typical Al4Cs particles formed at the interface. The Al4Cz phases
were identified through the DF-TEM (Figure 4-20b) and SAD patterns (Figure 4-20c). A
clear mono-crystal structure was detected from the SAD patterns of the carbide phase. The
increase of size also contributed to clearer SAD patterns compared with the composite
CNT/AI-577°C (Figure 4-19). Remained CNT phases with gray contrasts were detected in
the matrix, as black arrows indicated in Figure 4-20a. 4

From the high magnification TEM images (Figure 4-21), the crystal structure of the
interfacial AlsCs was clearly observed. The (003) atom planes of AlsCs were detected. It can
be seen that the AlsCs phase was well-bonded to both CNT and Al matrix. AlsCs was
metallurgically bonded to the matrix via a straight AlsCs-Al boundary. However, the AlsCs-
CNT boundary was curvilinear with several sidesteps. Owing to the fact that chemically
reaction advances usually had coarse morphologies [18], the observed coarse AlsC3-CNT
boundary (Figure 4-21b) was the place where the metallic reaction was happening. The
results suggested that the interfacial reaction direction was from the matrix to CNT side, as
the discontinuous arrow indicated in Figure 4-24b. In other words, Al atoms diffused from
matrix to the CNT and reacted with carbon atoms, forming the in-situ Al4Cs phase. Through
the interfacial Al4Cs phase, the remained CNT part can be tightly locked to the Al matrix,
which was helpful to enhance to load transfer efficiency during tensile load.

An HR-TEM observation on the remained CNT part is shown in Figure 4-22. The
regular CNT walls (Figure 2-3d) were not observed. One reason is that in the composite, the
overlap of CNT atoms and matrix atoms increased the difficulty in observing the CNT
structure during manipulating TEM (Figure 4-17b). Another possible reason is that the
infiltration of Al atoms inside CNTs increased the irregularity of the CNT structure. It was
reasonably due to the improved diffusion ability of Al atoms at elevated processing
temperatures. The latter explanation was supported by the observed phenomenon of G-band
shift (Figure 4-13). Although Al4C3 phase was locally detected by TEM, it was absent in the
XRD patterns and very weak in the Raman profiles at 602°C. These facts indicated the small

size and limited amount of AlsCs in the composite CNT/AI-602°C. Interfacial Al4Cz phase
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has also been observed in the study of Ci et al. [19], using heat treatment on CNT arrays and
Al deposit between 450°C and 950°C.
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Figure 4-20. TEM views on CNT/AI-602°C. (a) A BF-TEM view. (b) A DF-TEM view. (c)
SAD patterns.
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Figure 4-21. High-magnification TEM views on interfacial AlsCs phase in CNT/AI-602°C.
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Figure 4-22. High-magnification TEM views on CNT in CNT/AI-602°C.

As the sintering temperature was increased to 627°C, large amount of Al4Cz formed
in AMCs because strong AlsCs peaks were observed in the XRD patterns (Figure 4-14).
From the TEM observations (Figure 4-23), it was found that some CNTs completely
transformed to AlsCs phase. The crystal structure was examined by the SAD patterns (Figure
4-23Db). It was noted that the in situ formed AlsCs phase had a large distribution of size from
several tens to several hundreds of nanometers. The carbide in Figure 4-23 had a width of
~200 nm and a length of ~500 nm.

Figure 4-24 and Figure 4-25 show typically tiny AlsCs nanorods with a diameter of
~20 nm, which was similar to that of CNTs. The structural characteristics of the carbides
were clearly observed from their SAD patterns (Figure 4-24b and Figure 4-25b) and the HR-
TEM view (Figure 4-24c). The diversity of Al4Cs size might be attributed to the different
sizes of template raw CNTSs [20].
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Figure 4-23. TEM views on CNT/AI-627°C. (a) BF-TEM view and (b) SAD patterns.

The configuration of Al4Cs shown in Figure 4-24c was similar to the phase observed
in the Al-2 wt% MWCNTs composite reported in [21]. However, the phase was
demonstrated differently as a CNT through the BF-TEM image, probably owing to the
similar dimension and morphology of AlsCs and CNT. Actually, as revealed in the present
study, Al4C3 has comparatively black contracts and characteristic stripes with a large distance
of 0.83 nm of the (003) planes along the rod-axis [22].
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Figure 4-24. TEM views on CNT/AI-627°C. (a) BF-TEM view, (b) SAD patterns and (c)

HR-TEM view on box area in (a).
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Figure 4-25. TEM views on AlsCz and CNT in CNT/AI-627°C. (a) BF-TEM view and (b)
SAD patterns.

Although Al4Cz phase was commonly detected in CNT/AI-627°C, remained CNT
phases were still observed in Al matrix, as shown in Figure 4-26. However, compared with
the remained CNTSs in the composite processed under lower sintering temperatures (Figure 4-
17, Figure 4-18 and Figure 4-21), the detected CNTs in CNT/AI-627°C showed dim structure
with faint interfaces, as shown in Figure 4-26a. The CNT walls and Al atom planes were
differentiated in the HR-TEM image (Figure 4-26b). However, similar to the CNTs in
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CNT/AI-622°C (Figure 4-21), the regularity of CNT structure was also decreased compared
with the raw CNTSs (Figure 2-3).

Figure 4-26. High-magnification TEM views on interface between matrix and remained

CNTs in CNT/AI-627°C. (b) shows box area in (a).

4.5 Relationship between strengthening effect and interfacial

characteristics

85



4.5.1 Tensile properties

The yield strength (YS), ultimate tensile strength (UTS) and elongation of pure Al
and CNT/AIl composites with various SPS temperatures obtained from the tensile tests are
shown in Figure 4-27. From Figure 4-27a and b, it is seen that the YS and UTS of pure Al
was kept at similar values of ~120 MPa and ~170 MPa under SPS temperature from of 427°C
to 627°C, respectively. Small strength decrease was observed at 602°C and 627°C for pure Al,
reasonably due to the accelerated grain growth at elevated temperatures near the melting
point. However, CNT/Al composites showed a distinct tendency in YS and UTS. At low SPS
temperatures within 427-527°C, CNT/AIl composites had similar YS and UTS of ~130 MPa
and ~185 MPa, respectively. From 527°C to 602°C, the YS and UTS of CNT/AIl were rapidly
increased to 160 MPa and 232 MPa, respectively. As SPS temperature was further increased
to 627°C, small decrease of YS and UTS were observed. Therefore, the CNT/AI-602°C had
highest YS and UTS.

Different from the situations in YS and UTS, elongation of both pure Al and CNT/Al
composites gradually increased with increase in SPS temperature from 427°C to 627°C. At
SPS temperature of 602°C and 627°C, CNT/AIl composite had high elongations of 17.3% and
20.4%, respectively. It was also seen that before 527°C, the increasing rate of elongation of
both pure Al and CNT/AIl was small. As SPS temperature was larger than 527°C, the
elongation was improved dramatically with increasing SPS temperature. The noticeable
change of mechanical properties within 527-627°C could be further examined in the tensile
stress-strain curves of pure Al and CNT/AI composites, as shown in Figure 4-28. Only one
curve is typically shown for each material. The results suggested that there were two critical
SPS temperatures (527°C and 602°C) which divided the tensile properties-SPS temperature
curves of CNT/AI composites into three stages.

In the first stage with low SPS temperatures (427-527°C), CNT/Al composites had
similar mechanical properties (YS, UTS and elongation). In this stage, CNT structure was
greatly remained in the composites without interfacial AlsCz phases. In the second stage of
medium SPS temperature (527-602°C), both the strength and ductility of CNT/Al composites
increased dramatically with increasing SPS temperature. As temperature was increased, the
size and amount of interfacial Al4Cs phases gradually increased. In the final high SPS

temperature stage (over 602°C), the ductility was improved but with decreased YS and UTS.
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In this stage, the reaction between CNTs and Al was greatly accelerated that large amount of
precipitant Al4sCz phases were formed in the matrix. These results suggested that the

interfacial Al4Cs phases played a dominant role in strengthening the composites.
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Figure 4-27. Tensile properties of pure Al and CNT/AI composites processed under various
SPS temperatures. (a) YS, (b) UTS and (c) Elongation.
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Figure 4-28. Tensile stress-strain curves of pure Al and CNT/Al composites with SPS
temperatures from 527°C to 627°C.

4.5.2 Strengthening effect of carbon nanotubes

CNT-induced strength improvement in Al matrix might be contributed by possible
mechanisms of grain refining and the strengthening of reinforcements (CNTs or AlsCs) [23,
24]. The contribution of grain refining to the tensile strength (Aocr) could be estimated
according to the Hall-Petch formula [25], which is expressed as

Ac, = K(d™®-d;>®) (Eq. 4-1)

where d and dm is respectively the GS of composites and pure Al, and K is a constant (0.04
MPa m®® for Al [23]). The strength contributions of the reinforcements could be further
estimated by subtracting Aocr from the composite strength. The estimated strength
contributions in CNT/Al composites are shown in Figure 4-29. It was seen that the grain
refining only contributed to a small part to the total strength improvement of the composites.
The dominant part was ordinated from the strengthening effect of CNTs or AlsCs. For
example, with CNT/AI-602°C, the grain refining and the strengthening of reinforcement
contributed 2.5 MPa and 48.5 MPa to UTS of CNT/AI composites, respectively. Therefore,
the influence of SPS temperature on mechanical strength of the composites was coincident

with that on the strengthening effect of reinforcements.
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As SPS temperature was increased from 527°C to 602°C, the strengthening effect of
reinforcements was kept increasing. At 627°C, the strength contribution of reinforcements
(mixing of CNTs and AlsC3) was 38.8 MPa, showing 20% reduction compared with
CNT/AI-602°C. These results suggested that the CNTs with partial interfacial Al4Cz phases

at 602°C had the maximum strengthening effect in Al matrix.
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Figure 4-29. Contributions to the UTS of CNT/AIl composites with SPS temperatures from
527°C to 627°C.

To Dbetter understand the SPS temperature-dependent mechanical properties, the
failure behaviors of CNTs were studies by examining the fracture morphology of CNT/AI
composites sintered under various SPS temperatures, as shown in Figure 4-30. At low SPS
temperatures of 427°C and 527°C, it was clear to observe the phenomenon of Al powder
debonding (Figure 4-30a and c) from Al matrix, suggesting the insufficient bonding
conditions at Al-Al, which agreed with the observed low EC before 527°C (Figure 4-10). As
revealed in Section 3.1 and Section 3.2, insufficient powder bonding is detrimental for
dislocation movement through the powder boundaries, and it might act as initial site to
produce micro-cracks, resulting in low ductility of metal materials. Moreover, at the
debonded powder boundaries, detached CNTs were observed (Figure 4-30b and d),
suggesting comparatively weak interfacial bonding. A weak AI-CNT interface is
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disadvantageous for achieving effective load transfer from matrix to CNT [26, 27] and it
resulted in low composite strength [13, 28]. Therefore, the three composites SPSed below
527°C exhibited comparatively low ductility and low strength (Figure 4-27).

As ST was improved to 602°C, the fraction of debonded powders was noticeably
decreased (Figure 4-30e). Moreover, CNT pull-out was observed as the dominant failure
mode of CNTs during tensile failure. It suggested that the bonding conditions of Al-Al
powder and CNT-Al interface were simultaneously enhanced from 527°C to 602°C. As SPS
temperature was elevated further to 627°C, the fracture surface exhibited ductile failure mode
with numerous dimples and plastically deformed powder/grain boundaries (Figure 4-30g).
Powder debonding phenomenon was rarely observed on the fracture surface. Pulled-out
CNTs (some might be AlsC3) was observed as the dominant failure mode of CNTs during
tensile failure (Figure 4-30).

It suggested that the reason leading to elongation improvements of pure Al and
CNT/Al was that the bonding conditions of Al matrix were enhanced with increasing the SPS
temperature. Consequently, the density and EC were increased. Considering the dramatic EC
and elongation improvement above 527°C, the temperature at 527°C was regarded as a
critical point above which the sintering-induced bonding of powders started to accelerate. At
the same time of powder bonding, the diffusion of Al atoms were promoted driven by the
improved thermal force at elevated temperatures. Therefore, the chemical reaction between
CNTs and Al matrix was improved with the increase of SPS temperature. At 602°C,
interfacial Al4Cs phases were formed and they locked the remained CNT part in the matrix
(Figure 4-21b). As the interfacial bonding condition was improved, the load transfer
efficiency from matrix to CNTs was attained to the maximum value during tensile response
at 602°C. As the temperature was further increased to 627°C, severe interfacial reaction
happened and many CNTs were completely transformed to Al4Cs phase. Although the new
Al4C3 had fine sizes, their fracture strength was much smaller than the CNTs with super-high
strength [24, 29]. Therefore, the load transfer effect was decreased, resulting in the degraded

tensile strength of CNT/AI composites.
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Figure 4-30. Fracture morphologies of CNT/Al composites with SPS temperatures of 427°C
(a,b), 527°C (c,d), 602°C (e,f), and 627°C (g,h).
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4.6 Conclusions

In this chapter, processing temperature was explored as the experimental valuable to
tune interfacial microstructures. Two processing routes, PHT and SPS, were applied to
investigate the temperature-dependent interfacial characteristics. PHT-induced cracking
phenomenon was described and its formation mechanism was clarified. In SPS, the
interfacial characteristics were correlated to the reinforcing effect of CNTs. The main
findings can be concluded as below.

(1) Micro-cracks were observed in the powder metallurgy Al and CNT/AIl materials
experienced SPD and PHT process, resulting in greatly degraded mechanical properties.

(2) As revealed from the in-situ study, micro-cracks formed during the heating-up
stage. The release of residual stress in SPD materials was thought responsible for the
cracking phenomena during PHT process.

(3) Physical and chemical bonding state of CNT-Al interface generally kept
increasing with increasing SPS temperature under the melting point of Al (427-627°C). It led
to improved density and EC of as-sintered composites. The ductility of as-extruded
composites increased with increasing temperature.

(4) At the low SPS temperature stage (427-527°C), CNTs were found stable in AMCs
with trace content of interfacial AlsCs phase. The composites showed similar tensile strength.
Debonding of matrix grains and CNT-Al interface were the dominant failure modes.

(5) At the medium SPS stage (527-602°C), the size and amount of interfacial Al4Cs
phase kept increasing. CNT pull-out was the dominant failure mode.

(6) At 577°C and 602°C, particulate AlsCs phases formed between Al matrix and
partially remained CNTs. The Al4Cs phase locked the CNT phase in Al matrix. The tensile
strength and load transfer efficiency increased with increasing SPS temperature from 527°C
to 602°C.

(7) At high SPS temperature of 627°C, mono-crystal AlsCz phase with rod shapes
formed in Al matirx. The tensile strength and load transfer effect decreased comparing with
the composite sintered at 602°C.

(8) Interfacial characteristics of CNT/Al composites were dependent on processing
temperatures. CNTs with partially formed Al4Cz might be an optimal structure for highest
load transfer efficiency.
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Chapter 5
Load Transfer Strengthening in Carbon Nanotube

Reinforced Al Matrix Composites

In this chapter, in-situ observation of tensile tests were performed to investigate the
failure behaviors and strengthening mechanisms of multi-walled carbon nanotubes
(MWCNTS) in Al matrix composites (AMCs). To investigate the structure of CNTs in
composites before tensile test, the dispersion, size and alignment of carbon nanotubes
(CNTSs) were characterized. The diameter and length were quantitatively counted to estimate
the aspect ratio, which was a significant parameter influencing the load transfer effect. The
structural stability and interfacial characteristics were studied by X-ray diffraction, Raman
spectrum and TEM. The structure evolution of CNTSs during the processing were described.

To record possible CNT failure phenomena during the in-situ tensile test, the fracture
morphology was kept watching on the composite specimen under low magnifications. The
displacement or strain of tensile specimens was manually stopped at serval stages to capture
high-magnification images. The corresponding failure modes of CNTs were examined at
each stages throughout the tensile test. The detailed fracture process of MWCNTs were
described. The possible mechanisms of breaking and peeling of MWCNTSs were explored.
The failure behavior of Al matrix was also investigated.

To accurately characterize the mechanical properties, regular tensile tests were
applied. The fracture morphologies of the two kinds of tensile tests were compared. Based on
the examinations of CNT failure modes and mechanical properties, the possible
strengthening mechanisms in CNT/Al composites were quantitatively characterized based on
the strengthening theories. To reveal the grain-related strengthening effects, the grain
information of pure Al and CNT/AI composites was characterized by EBSD. The dispersion
strengthening and load transfer strengthening were estimated and discussed. Owing to the
dominant strengthening effect of load transfer, the relation between the strengthening
efficiency and interfacial strength under different failure modes of CNTs was set up using

Kelly-Tyson’s shear-lag theory.
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5.1 Structure evolution of carbon nanotubes in composites

5.1.1 Carbon nanotube dispersion

The microstructures of CNTs in CNT-Al powder mixture and the CNT/AIl composite
are shown in Figure 5-1. After the low energy blending (LEB) process, there was minor
shape change of Al powder particles (Figure 5-1a and b), comparing with the raw course Al
powder (Figure 2-1a and b). Uniformly dispersed CNTs were found on the Al powder
surface (Figure 5-1b and c). Possible CNT clusters were observed on the grooves of the Al
powder particles. Comparing with the fine CNT and fine Al powder mixture dispersed by the
same LEB process (Figure 3-2), the CNT dispersion was improved greatly. It is because the
morphology and diameter of raw CNT had great influence on the dispersion effect [1, 2].
CNTs with a large diameter and straight shape used in this chapter would be easier to
disperse uniformly in Al matrix. Moreover, the decreased CNT content (from 1.0 wt.% to 0.6
wt.%) might also contribute to the improvement of CNT dispersion [3]. Considering the fact
that structural parameters affected the reinforcing effect of CNTs [4], the average length (L)
and diameter of CNTs were quantitatively measured as 9.2+3.7 um and 125£32 nm,

respectively, from 100 CNTs. Figure 5-1d shows the distribution of L.
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Figure 5-1. CNT dispersion in the CNT-Al powder mixed by low energy blending process.
(a-c) Morphologies of CNTs at different magnifications and (d) Length distribution of CNTSs.
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5.1.2 Carbon nanotube alignment

After consolidation, both reference Al and CNT/AI composite showed high relative
density over 99%. Figure 5-2 shows the microstructure of extruded CNT/Al composite. In
the extruded composite which was deeply etched, the primary particle boundaries (PPBs,
defined as the grain boundaries originated from the initial powder surface) were revealed
between elongated Al particles (Figure 5-2a). CNTs were found siting at PPBs. Figure 5-2b
typically shows an exposed CNT which located at the PPB. No large CNT agglomeration
was observed. Because the PPBs aligned along the extrusion direction, the long CNTs within
the boundaries also took to this orientation (Figure 5-2b). Many etch pits were also observed
in Al matrix and at the CNT-Al interface owing to the deep etching process.
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Figure 5-2. CNT alignment in extruded CNT/Al composite at different magnifications.
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5.1.3 Structural stability

The XRD patterns of processed materials are shown in Figure 5-3a. Only Al peaks
are observed in the CNT/AI composite during processing. The intensity of Al(111) planes
was increased after hot-extrusion comparing to the as-sintered sample, owing to the
crystalline rotation during the extrusion process [5]. It is known that the <111> tensile
direction is a strong orientation for face centered cubic (FCC) materials (such as Al and Cu)
with classical {111}<110> slip systems [8]. Therefore, the <111> oriented grains were
helpful to increase the tensile strength. Absence of the peeks corresponding to CNTs might

be due to their fine size and small content.
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Figure 5-3. XRD spectra (a) and Raman spectra (b) of raw Al powder (Raw Al), raw CNT
powder (raw CNT), mixed CNT-Al powder (Mixed), SPSed CNT/Al composite (SPSed), and
extruded CNT/AI composite (Extruded). Test surface specimen of composites is vertical to

incident wave beams.
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Raman analysis has been used for characterizing carbon-related nano-reinforcements,
with CNT damage-band (D-band) near 1350 cm™ and CNT graphite-band (G-band) near
1590 cm™ [5-9], and Al4Cs bands near 490 cm™ and 855 cm™ [10]. The intensity ratio
between D-band and G-band (Io/lg) provides the defect conditions of CNTs [11]. The Raman
spectra of processed materials are shown Figure 5-3b. A noticeable increase of Ip/lg has been
observed in CNT-AI powder mixture after high energy ball milling owing to the high loads
applied on CNTs during milling (Figure 3-16). However, in the present CNT/Al composite,
no obvious intensity change happened to Ip/lc (around 0.1, Figure 5-3b), which suggested
little structural damage of CNTs through the used PM route. Moreover, no peak
corresponding to AlsCs was observed in the Raman spectra of CNT/Al composite (Fig. 5-3b),
suggesting the absence or very few contents of AlsCs phase in the present CNT/Al composite
sintered under a comparably low SPS temperature.

Figure 5-4 shows the morphology of MWCNT incorporated in AMCs. CNT and Al
phases were identified by the selected area diffraction (SAD) patterns as shown in the insets
of Figure 5-4a and b. It was observed that CNT contacted well with Al matrix via a clean
interface, and no other phase was at the interface (Figure 5-4a and b). It suggested that CNTs
were stable in the present processing conditions.

Moreover, some irregular structures or defects were observed inside the MWCNT, as
arrows indicated in Figure 5-4b. A typical defect consisting of ~30 walls (the frame in Figure
5-4b) is shown in Figure 5-4c. These walls were non-parallel to the axis direction and
exhibited as bridging walls to cross-line with other walls, which were schematically shown in
Figure 5-4d. This structure defect was reasonably originated from the raw MWCNTS, owing
to the good stability of CNTs during processing.

Figure 5-5 shows the observed bridging walls in the raw MWCNT. These defective
walls (non-parallel to CNT axis) exhibited as bridges that cross-linked the adjacent regular
walls (parallel to the axis). Existence of bridging walls might be related to the fact that the
present CVD grown CNTs had a comparably high structure-defect density than that of arc-
grown CNTSs [12]. Cross-linked imperfections were reported to degrade the CNT strength but

improve the inter-wall bonding strength [13].
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Figure 5-4. Morphology of a MWCNT dispersed in AMCs by TEM observation at different
magnifications. (b) and (c) shows box in (a) and (b), respectively. Double-lines in (c) suggest

the aligning direction of walls. (d) schematically shows the bridge walls in the frame in (c).

Figure 5-5. Typical bridge walls in raw MWCNTS. Inset shows a low-magnification view.
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5.2 In-situ observations on deformation of CNT/Al composites
5.2.1 Yielding stage in tensile test

To control the fracture position of the CNT/Al composite during the in-situ tensile
test, a groove precut was made artificially on the machined specimen, as shown in Figure 5-
6a. Through this way, SEM observations could be focused on the precut area to capture the
failure behaviors of CNTs. As the tensile test was manually paused during the test (as the
position A-F indicated in Figure 5-6b), the displacement was sustained and high-quality SEM
photos were captured. Tensile loading was then restarted to next pause points until the

sample fractured.
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Figure 5-6. Morphology of specimen surface with groove precuts (a) and recorded load-
displacement curve of the in-situ test.
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Figure 5-7 shows the microstructure evolution of CNT/Al composite within the
yielding stage. At the initial state (Figure 5-7a and b, as Point A indicated in Figure 5-6b), a
kind of worn feature was observed inside the groove precut owing the scratching process. At
the approximate yielding point (Figure 5-7c and d), no obvious microstructure change was
observed comparing with the initial state (Figure 5-7a and b). The dimension increase of
some pores in the precut (as circles indicated in Figure 5-7a and c¢) was reasonably due to the

deformation under the tensile displacement (~150 pum for the entire specimen, Figure 5-6Db).

Figure 5-7. Microstructure of CNT/AI composite within the yielding stage. (a, b) Initial state
(as Point A indicated in Figure 5-6b). (c, d) Approximate yielding point (as Point B indicated
in Figure 5-6b).

5.2.2 Plastic-deforming stage

It was the precut area of the composite where micro-cracks were initially produced
(Figure 5-8). It was reasonably due to the reduced cross-section area and structural
irregularity in the precut. Then the cracks grew in the precut. Figure 5-8b shows a typical
crack with a width in sub-micrometers. As the cracks expanded to CNTs (Figure 5-9), CNTs
seemed to act like bridges that restrained the growth of the crack. Xia et al. [14] also
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observed the CNT bridging phenomenon in CNT/ceramic composites during crack
propagation. CNT bridging was claimed as one main toughening mechanism due to the
suppression of crack growth. It was thus believed that CNTs were beneficial to improve the
composite toughness.

Figure 5-8. Microstructure of CNT/AI composite during the plastic-deforming stage as Point
C indicated in Figure 5-6b.
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Figure 5-9. Cracks confront CNTs during plastic-deforming stage as Point C indicated in
Figure 5-6b.

As the tensile displacement was increased, the CNT bridges started to fracture one by
one (Figure 5-10). Just at the moment shown in Figure 5-10a, it was observed that the CNT
denoted as (D has broken into two parts with all walls fractured, leaving two vertical
breaking surfaces. Meanwhile, CNT @ and CNT (@ were experiencing the fracturing
moment. From the high-magnification image (Figure 5-10b), it was clearly observed that the

outer walls of CNT @) have fractured and some wall debris existed on the broken area. The
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fresh inner wall of CNT @ was exposed with a decreased outer-diameter (as the arrow
indicated in Figure 5-10b).

Fracturing from outermost part, a significant characteristic of fibrous reinforcements
under effective load transfer has been confirmed by some theoretical simulations [15].
However, it was rarely observed in previous studies. According to the shear-lag model set up
by Cox [16], it was assumed that the applied load was transferred from matrix to fibrous
reinforcements via an interfacial stress along the fiber surface. It indicated that the outermost
wall of MWCNT contacted to the interface was firstly loaded and fractured under tensile load.
Therefore, the observed fracture behavior that initially started at the outermost-wall
supported the interfacial stress assumption of load transfer models.

Spontaneously, CNT ) is experiencing a kind of multiple peeling fracture process
with several fractured stages. From the outer-diameter gradient of the left CNT segment (as
arrows indicated with CNT (3 in Figure 5-10b), it indicated that CNT 3 also initially
fractured at the outer layer, and the wall-breaking grew from outer walls to the inner walls
under the load transferred between CNT walls. Then the fracture position axially shifted to
another position on the CNT wall. The peeling behavior will move on until all the walls are
fractured. Multi-wall peeling was occasionally observed by other studies on the fractured
surface of CNT/MMCs composites after tensile tests [17, 18]. This interesting phenomenon
was also attributed to the effective load transfer between CNT walls. As a stress is transferred
to an inner wall of the CNT longer than a critical length [16], stresses at the middle regions
far from the two ends, may have reached the fracture strength. In this case, the crack advance
inside CNTs will shift longitudinally to the weakest point and lead to the peeling
phenomenon. Otherwise, if defects are uniformly distributed in CNT, the crack advance will
vertically go through the CNT under momentum of the crack front, producing only one
fracture plane, as CNT (D exhibited (Fig. 6b).

In a theoretically perfect or low-defect-density MWCNT, stress transferred from the
outermost wall to inner walls is quite small [19] because of the weak VVan Der Waals bonding
between adjacent walls and thus CNTs exhibited a unique failure mode of outermost-wall
fracture and inner wall sliding. Oppositely, irregular walls originated from raw MWCNTSs
might cross-link many adjacent walls together (Fig. 3d and Fig. 5b), and greatly enhanced the

inter-wall bonding, which has been proved by the previous studies [13]. Thus effective inter-
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wall bonding led to the consequent effective load transfer between walls and the observed
CNT fracture. This observation provided direct and compelling evidence for the load transfer
strengthening mechanism of MWCNTSs in MMC:s.

Figure 5-10. CNTs are failing during plastic-deforming stage as Point D indicated in Figure
5-6b.

Actually, the peeling phenomenon was commonly observed during the tensile test.

Figure 5-11 shows another two ruptured CNTs. CNT @ showed the morphology of only
one-time peeling and CNT & exhibited a multiple peeling (similar with CNT 3 Figure 5-
10b). Moreover, at the peeling positions, peeling slopes with gradually changed CNT outer-
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diameter were often observed as arrows indicated in Figure 5-10b. With CNT (&, there was
a long slope between the two stages with outer-diameter of ~230 nm and ~50 nm. The
morphology scheme of CNT & is shown in Figure 5-11c. The existence of peeling slopes
suggested that wall fracturing was transferred from outer to inner walls through the bonding
structure between walls. These structures, which were non-parallel to the axis direction, were
induced by the bridging walls observed in MWCNTSs (Figure 5-4 and Figure 5-5).

Peeling
~— slope

®

Figure 5-11. Peeled CNTs during plastic-deforming stage as Point E indicated in Figure 5-6b.
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5.2.3 Failure state

At the end of tensile test, ruptured CNTs were observed on the fracture surface of the
composite (Figure 5-12a). A peeled CNT (denoted as CNT ©®) was also observed, as shown
in Figure 5-12b. Similar with CNT @ (Figure 5-11b), CNT ® also showed one-time
peeling morphology with a clear transition slope as an arrow indicated in Figure 5-12b. The

morphology scheme of CNT ® is shown in Figure 5-12c.

Peeling

slope
N

Figure 5-12. Fractured CNTSs after tensile test as Point F indicated in Figure 5-6b.
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After the tensile test, the low-magnification views of the specimen are shown in
Figure 5-13. The size of the precut (Figure 5-13a) increased largely comparing with its
initial state (Figure 5-6a). The main failure crack went through part of the groove precut.
Moreover, many shear bands were observed in the specimen with ~45<to the tensile
direction near the crack (Figure 5-13b). Such kind of feature was related to the characteristic
deformation behavior of metal materials that crystals tended to slide along the preferable
direction with 45<to the tensile axis [20].

Figure 5-13. Microstructures of CNT/Al composite after failure as Point F indicated in
Figure 5-6b.
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5.3 Regular tensile test on carbon nanotube/Al composites

5.3.1 Strengthening effect of carbon nanotubes

Since the precut was made on the in-situ tensile specimen, the obtained mechanical
properties from the test were not accurate (exactly smaller). The 0.2% offset yield strength
(YS) and ultimate tensile strength (UTS) of pure Al were measured as 90.3#0.5 MPa and
100.640.6 MPa from the regular tensile test, respectively. YS and UTS of CNT/AI composite
were 114.1+#2.0 MPa and 122.542.3 MPa, respectively, suggesting a noticeable strength
improvement by adding CNTs. At the sacrifice of strengthening, the elongation of pure Al
was decreased from 38.342.8% to 25.442.7% of the CNT/AIl composite.

These results basically agreed with the strengthening phenomena which were directly
observed in the previous in-situ study on CNT/AIl composites [21]. In the present in-situ
study, it was further revealed that LT strengthening contributed to the strength improvement
in composites from the observed CNT fracture. Moreover, the strengthening effect of LT
would also be quantitatively clarified through an overall examination of the various
strengthening mechanisms in the present CNT/Al composites.

5.3.2 Fracture morphology

The MWCNTSs were also observed on the fracture surface of the CNT/AIl composite
after the regular tensile test (Figure 5-14). Fractured CNTs were clearly detected as arrows
indicated in Figure 5-14a. The ruptured walls were found at the fractured CNT end (as the
arrow indicated in Figure 5-14b). Peeled CNTs were also seen as shown in Figure 5-14c.
These observations were coincident with observations during the in-situ tensile test as shown

in Section 5.2.
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CNT peeling

Figure 5-14. Fractured MWCNTSs on fracture surface of CNT/AIl composite after regular
tensile test. (a) A low-magnification view. (b,c) Typical MWCNTSs showing fractured walls.
Inset of (a) shows the sample appearance with an arrow indicating observation direction.
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5.4 Peeling mechanism of MWCNTSs

Peeling of MWCNT is an interesting phenomenon during the mechanical response of
CNTs under load. Because of the effective interfacial bonding between the outermost wall of
CNTs and the matrix Al (Figure 5-4a and b), a shear stress [16] can be formed and helps to
transfer load from Al matrix to the outermost wall during composite failure. In the case of
CNT fracture observed in Section 5.2 and 5.3, tensile stress applied in the outermost wall
must have exceeded the wall strength, so the interfacial strength (z) should be larger than a

critical interfacial strength (zc). zc can be obtained from the shear-lag theory of Kelly and

D’O-f

Tyson [22], expressed as:z, = , Where D, L and of are the diameter, length and the

fracture strength of MWCNTS, respectively. This equation will be introduced detailedly in
Section 5.5.4. In this study, or of MWCNT was provided as ~5 GPa by the manufacturer. It
was basically coincident with in a similar CNT type, or of which was reported as 4 GPa [3].
Therefore, zc was estimated as ~30 MPa. It suggested that 7 of the present CNT-AIl system
was larger than ~30 MPa.

As the displacement increased after the outermost wall was ruptured, the load was
further transferred to the inner walls. Similarly, if the inter-wall strength (ziw) is larger than a
critical value, the inner wall will be ruptured. In this case, the critical inter-wall strength
could be regarded as the same value with z., because of the same values of L and ot, and a
little decrease (the thickness of one wall, 0.34 nm) of D for the inner wall. In a low defect-
density MWCNT, however, the van der Waals (vdW) force between adjacent walls was
reported as ~0.45 MPa [19, 23]. It suggests ziw Was farther below the critical value, resulting
in the previously observed pulling-out of inner walls or the outermost-wall fracture [19].

Owing to the existence of bridging walls, ziw was greatly enhanced, even larger than =,
leading to the rupture of inner walls which was observed in this study. Moreover, stress
concentration was easy to happen at the position of bridging walls due to their structure
irregularity. Therefore, the wall fracture position also happened at the bridging walls, leaving
the peeling slope on the fractured MWCNT surface. Due to the random distribution of
bridging walls, the peeling position would also axially changed, resulting the multiple

peeling behavior, as schematically shown in Figure 5-15.
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Figure 5-15. Scheme of multiple-peeling of MWCNT induced by inter-wall bridging during

tensile failure.

After fracturing, the MWCNT exhibited two distinct parts, one with a sword-like
structure and the other one with a sheath-like structure. These feature-shaped structures have
attracted great interests as nano-devices, such as probe, filed emission, biological insertion or
mechanical nanobearing cantilever [24, 25]. For example, for an atomic force microscopy
(AFM) probe, its tip dimensions should be as small as possible without sacrificing rigidity.
The sword-like structure with a gradually sharpened shape was an ideal candidate for these

structures [25].

5.5 Strengthening mechanisms in carbon nanotube/Al composites

Many strengthening mechanisms have been proposed in CNT-reinforced MMCs, as
aforementioned in Section 1.4.2.3. They are (a) load transfer (LT) from matrix to CNT, (b)
grain refining (GR) and texture strengthening (TS) by pinning effect of CNT, (c) dispersion
strengthening (DS) of CNTSs, (d) solution strengthening by carbon atoms, (e) strengthening of
in-situ formed or precipitant carbide, and (f) thermal mismatch between CNT and matrix. It
is however still unknown which one is dominant. In the present CNT/Al composites, the

solution strengthening and resultant precipitation strengthening could be neglected [26],
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owing to the comparably good stability of CNTs in solid-state Al matrix at the present

consolidating process.

5.5.1 Thermal mismatch strengthening

With thermal mismatch strengthening, it has been observed that there were great
mismatches between the predicted strength and the experimental values reported by George
et al. [11] and Yoo et al. [27]. Presently, no clear evidence for thermal mismatch induced
strengthening has been reported in previous studies on CNT reinforced MMCs as
demonstrated in the recent reviews [26, 28, 29]. Therefore, the GR [30], TS [8], DS [27] and
LT [31] are reported possible strengthening mechanisms working in CNT/Al composites.

5.5.2 Grain-related strengthening

The grain information including the grain orientations and the average grain size (GS)
of pure Al and CNT/AI composite is shown in Figure 5-16. The <111> oriented planes of Al
crystals were dominant in both pure Al (Fig. 8a) and CNT/AIl composite (Fig. 8b). Moreover,
from the grain orientation distributions (insets of Fig. 8a and b), there was no noticeable
change in the fraction of <111> oriented grains. It suggested the minor effect of TS by
adding CNTs. There was a small decrease of GS from pure Al (3.7 um) to CNT/AI (2.8 pm).
The improved YS contributed by GR (Accr) could be estimated from Hall-Petch formula
[32] as:

ACes = K(d®-d %) (Eq. 5-1)

where K is a constant (0.04 MPa m??® for Al [30]), d and do are the average GS of CNT/AI
composite and pure Al, respectively. Aoer Was calculated as 3.1 MPa, which was much
smaller than the observed YS improvement.

In Wei’s [8] and Nam’s studies [30], noticeable TS and GR were observed at the
CNT/AI composites which experienced high energy ball milling (HEBM) process. During
HEBM, CNTs were inserted into and distributed between/inside secondary grains and thus
they showed noticeable effect on the rotation and growth of grains during processing.
However, in this study, CNTs only existed at the PPBs after the blending process, and the

selected Al powder particles were far larger than CNTs. Therefore, the pinning effect of
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CNTs on the movement and growth of grains were reasonably small in the present CNT/Al

composite, resulting in the small effect of grain related strengthening.

®O

Extrusion
direction

001 101

Figure 5-16. Inverse pole figure (IPF) map of pure Al (a) and CNT/AIl composite (b). Inset
shows the grain orientation distribution, extrusion direction and orientation index of IPF map.

5.5.3 Dispersion strengthening
The improved YS contributed by DS (Aops) of MWCNTS could be estimated from the
Orowan-Ashby model [33] as:

MGb . @, 1
Ao = MG 4@y 1 Eq. 5-2
% = %36r "0 1o (Ea.5-2)
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where M is the Taylor factor, taken as 3.06 for the fcc crystal structure [34], G is the shield
modulus (25.4 GPa for Al [35]), b is the Burger’s vector (0.286 nm for Al [35]), and @ is the

2
equivalent diameter (with rod-shaped MWCNT, ©® =3 DL

). A is the inter-particle spacing

(A =CD-1/£ for rod-shaped MWCNT [36], V is the volume fraction of CNTSs). Aops was

calculated as 4.6 MPa, which was also much smaller than the measured YS improvement
(23.8 MPa) in the present CNT/AI.

Furthermore, several limitations of the estimation would make the actual strength
improvement contributed by Orowan mechanism smaller than the estimated value. First, in
Orowan looping model it was assumed that the reinforcements were randomly and uniformly
dispersed in the matrix. In this study, CNTs were sited between the PPBs (Figure 5-2) and
cross-linking of CNTs was also observed (Figure 5-1a). Thus the actual equivalent diameter
of CNTs would be larger than the one estimated from individual CNTs in Orowan
strengthening. Another assumption of Orowan model is that reinforcements are in an
extremely small size (usually in nano-scale) with a uniform size dimension. However, there
was a large size distribution (inset of Figure 5-1d) of CNTs in the present composite and an
average value was used for estimation. It has been reported that CNTs having large aspect
ratios contributed little to Orowan strengthening [26], probably because it is hard to form
dislocations loops around long CNTs, although their equivalent diameter might be still small.
Taking these considerations into the estimation from Eq. 5-2, it would produce a smaller
Aops, Which suggested that Orowan strengthening might contribute a very small percent of

strength improvement in the present composite.

5.5.4 Load transfer strengthening

It can be seen that the DS and grains-related strengthening (TS and GR) played non-
significant roles in the strengthening of the present CNT/Al composites. The reinforcing
effect of MWCNTSs in the fabricated AMCs mostly came from the load transfer strengthening
observed in the present in-situ tensile tests. Considering the metallic matrix, Kelly and Tyson
[22] developed the shear-lag model [16] for fiber reinforced MMCs to predict the composite

strength. In the model, the fibers were assumed to align along the tensile direction. This
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assumption was generally satisfied in the present composites where long CNTs aligned along
the extrusion direction (Figure 5-2) and thus along the tensile direction. It agreed with the
previous study that hot-extrusion process was reported as an effective to produce well
aligned CNTs in AMCs [37].

During tensile tests, fibers were loaded by the plastically flowed matrix via interfacial

shear stress (t) generated along the fiber surface. If the fiber is longer than a critical length

(Ic) given by

I, oy

e~ Eq. 5-3
4= 2y (Eq. 5-3)
where d and or are respectively the diameter and strength of the fiber, the fiber will fail in a
totally breaking fracture mode. If the fiber is short (I<l¢), the fiber will be pulled out during

composite failure. The composite strength (oc, UTS) can be then expressed by [22]

c

. =N ~%+am(l-V) for <, (Eq. 5-4)

o, =oV( 1-%)+am(1-V), for I>I. (Eg. 5-5)

where om IS the strength of the matrix, | and V are respectively the length and volume fraction
of the fiber.

From a viewpoint of the relation between the CNT failure behavior and the interfacial
strength (z), a fiber with a specific length (L) will be fractured if z exceeds a critical

interfacial stress (tc), which can be obtained from Eq. 5-3 and expressed as:

D-o;, oy
T, = =

=t Eq. 5-6
c= 5 "3 (Eq. 5-6)

where S is the aspect ratio of the fiber (Ilength to diameter ratio). If z is smaller than z, the
fiber will be pulled out.
The strengthening efficiency (R) of fiber in MMCs can be expressed as:

(Eq. 5-7)

1
=
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By introducing Eq. 5-3, Eq. 5-4, Eqg. 5-5 and Eq. 5-6 into Eq. 5-7, in pull-out and fracture

modes, R can be respectively expressed as:

R= St -1, for =<t (Eq. 5-8)
O-m
O Ot
R=—/(1- )-1, for tc<r<tm (Eq. 5-9)
4St

m

where 1 is the shear strength of the matrix and also the up-limit [22] of .

Since MWCNT is comprised many walls, if all walls fail in a same mode, pull-out or
CNT fracture, R of fiber obtained from Eg. 5-8 and Eq. 5-9 can be reasonably appliable for
CNTs, as shown in Figure 5-17. However, when a tensile load is effectively transferred to the
outermost wall via a strong z but insufficient between walls, the outermost-wall fracture [19]
probably happens. In this case, stress on CNT is the summation of two individual stresses
causing CNT pull-out and the outermost-wall fracture. The R of outermost-wall fracture must
be a little higher than the maximum R under pull-out mode at zc due to the small volume
fraction of the outermost wall, as shown in Figure 5-17. It can be seen that the presently
observed CNT fracture mode has the highest R. In this mode, because R increases with the
increase of 7, maximum R (Rmax) is attained when z reaches to its maximum value, zm. Rmax

corresponding to wm (approximately half of the matrix YS [29], 45.0 MPa calculated from

(o)
YS) was estimated as 30, and the R corresponding to =m, (R = 5 !
O

-1) (Figure 5-17), was

got as 20. Therefore, R under CNT fracture had values within 20~30. With the CNT pull-out
mode, R was below 20.

Since the density of CNTs (similar to graphite) and pure Al is respectively 2.1 and 2.7
g-cm?, V is estimated as 0.77% from the rule of mixture. The experimental R (Rexp) Of this
study is thus calculated as 28 from Eq. 5-7, locating at the line corresponding to the CNT
fracture mode. It suggested a good agreement between the experimental and predicted UTS
by the shear lag model. It was worth mentioning that in the shear lag model, all CNTs were
assumed to bear load during tensile failure, it indicated that possible CNT agglomeration
would decrease the strength improvement predicted by shear lag model. In MMCs with well

dispersed CNTs (Figure 5-1), the influence of CNT agglomeration might be small. The
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present results suggested that the LT mechanism dominantly contributed to the strength
improvement of CNT/Al composite. Resultantly, the obtained high R of 28 exceeded the
value of 20 reported in Cha’s study on MMCs reinforced with CNTs, and it was far larger

than R (1.7-5.0) for many commonly-used reinforcements [38].

r'y .
R CNT fracture, high R

Rmax """"""""""""""""""""""""""""""""""""""""
Strong interfacial bonding :
Strong inter-wall bonding i

of CNT pull-out
—_] .............................................................
2 Om Weag |nfjgrfamal i Strong interfacial bonding :
onding ! Weak inter-wall bonding ]
i Outermost-wall fracture

0 T, T T'

Figure 5-17. Effect of CNT failure mode on strengthening efficiency (R) of composites as

functions of interfacial stress (t) between CNT and matrix based on shear-lag model.

5.6 Conclusions

To clarify the dominant strengthening mechanism of CNT/Al composites, in-situ
observation on fracture behavior of the composite specimens during tensile test were
performed. The formation mechanism of peeling and fracture of CNTs and resultant effect on
the composite strength were investigated. Based on the examinations of CNT failure modes
in tensile and mechanical properties, the possible strengthening mechanisms of CNT/AI
composites were quantitatively characterized based on the reinforcing models.

(1) The coarse MWCNTs with diameter of ~100 nm and length of ~10 pm were
uniformly dispersed and effectively aligned in AMCs through powder metallurgy. There was
minor structure changes of CNTs during processing.

(2) A multiple peeling phenomenon was commonly observed during the tensile test. The

defective bridging walls were helpful to improve the inter-wall bonding conditions, leading

119



to the effective load transfer between the walls and resulted in the peeling behaviors of
MWCNTSs.

(3) The observed CNT fracture mode suggested the effective load transfer between
MWCNT and the matrix, and between MWCNT walls in CNT/AIl composites during tensile
failure. By excluding other strengthening factors, load transfer resulted in a high
strengthening efficiency in AMCs, which agreed with the shear-lag model.

(4) Relationships between interfacial strength and strengthening efficiency of MWCNTSs
under different failure modes were set up using the shear-lag theory. Strong interfacial and
inter-wall bonding were critical to achieve high-strength CNT-reinforced AMCs.

(5) The results supported that a load transfer strengthening was effective for CNT
reinforced AMCs. Due to a high strengthening potential of load transfer effects, CNTs are
promising to enhance the metal matrices to obtain strong and light nano-composites as the

next-generation engineering materials.
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Chapter 6

Summary

This study was focused on the fabrication process and strengthening mechanisms of
Al matrix composite reinforced with CNTSs via powder metallurgy routes.

In chapter 1, the strengthening approaches of Al materials were reviewed. Composite
strengthening is a popular strategy to fabricate light-weight, high-strength and high-modulus
AMCs. With the advent of light and strong CNTs, CNT/Al composites has become
promising candidates for structural components in aerospace and automotive areas. However,
to realize the strengthening potential of CNTs in AMCs, there are three main challenges, 1)
homogeneous CNT dispersion, 2) suitable CNT-AIl interface, and 3) clarification of
strengthening mechanisms in CNT/Al. The former two aspects are specific structural
requirements which can be realized by the control of fabrication process. The last aspect
provides a fundamental guidance to control the former two. Therefore, in this study the
attempts are made to deal with the three challenges in processing the CNT/AIl composites.
The objectives of this study are to (i) develop a novel approach to uniformly disperse CNTs
in AMCs, (ii) investigate the relation between interfacial structures and consolidating
conditions, and (iii) illuminate the reinforcing mechanisms in CNT/Al composites. The
results and findings are shown in Chapter 3-5, respectively.

In chapter 2, the experimental procedure and equipment, including the newly
developed and traditional dispersion methods in the CNT-Al system, were introduced. Cold-
compaction, SPS, hot-extrusion and PHT were explored to consolidate the powder mixtures.
Different processing temperatures during SPS and PHT were used to tune the interfacial
structure. The microstructures were systematically characterized by OM, SEM, TEM, XRD,
Raman, EDS, EBSD etc.. To directly observe the cracking phenomenon during PHT and the
fracture behaviors during tensile tests, in-situ studies were performed. Regular tensile and
hardness tests were applied to characterize the mechanical properties.

In chapter 3, the dispersion quality of CNTs via the SBM process was investigated.
An integrated strategy was put forward to overcoming the problems of CNT dispersion in Al

matrix in the SBM process. It was found that the combining use of the solution coating and
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HEBM in the SBM process provided a simple and effective approach to obtain un-bundled
CNTs on the Al powders. There was small structure damage or length reduction of CNTs
dispersed by the SBM process. However, traditional methods either failed to achieve good
CNT dispersion or brought structural damages to CNTs. During consolidating the SBM
powders, CNT addition has small effects on the size and orientation of matrix grains. Small
amount of Al4Cz nanorods were detected in CNT/AIl composites. It might be helpful for the
load transfer strengthening and contributed to the strength improvement in CNT/AI
composites. The experimental strengthening effect of dispersed CNTs agreed with the
strengthening potential predicted by the generalized shear-lag model. It suggested that the
reinforcing potential of CNTs has been almost reached in the present process. The present
results showed that the SBM process was promising for producing high-performance MMCs
reinforced with CNTSs.

In chapter 4, temperature-dependent interfacial microstructures were investigated in
the processes of PHT and TGS. PHT-induced cracking phenomenon was described and its
formation mechanism was clarified. Micro-cracks were observed in the powder metallurgy
Al and CNT/AI materials experienced SPD and PHT process, resulting in greatly degraded
mechanical properties. As revealed from the in-situ study, micro-cracks formed during the
heating-up stage. The release of residual stress in SPD materials was thought responsible for
the cracking phenomenon during PHT process. Effective bonding conditions were effective
to suppress the cracking in CNT/Al composites during PHT. During SPS, physical and
chemical bonding conditions between CNTs and Al matrix generally kept increasing with
increasing sintering temperature from 427°C to 627°C. It led to improved density and EC of
as-sintered composites. The ductility of as-extruded composites increased with increasing
temperature. At the low SPS temperature stage (427-527°C), CNTs were found stable in
AMCs with trace content of interfacial Al4Cs phase. The composites showed similar tensile
strength. The dominant failure modes were debonding of matrix grains and CNT-Al interface.
At the medium temperature stage (527-627°C), the size and amount of interfacial AlsCs
phase kept increasing. CNT pull-out became the dominant failure mode. At 577°C and 602°C,
particulate AlsCs phases formed between Al matrix and the partially remained CNTs. The
tensile strength and load transfer efficiency increased with increasing SPS temperature from
527°C to 602°C. At high SPS temperature of 627°C, mono-crystal Al4Cs phase with rod
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shapes formed in Al matrix. The tensile strength and load transfer effect decreased
comparing with the composite sintered at 602°C. It was concluded that mechanical properties
of CNT/AI composites were dependent on processing temperatures with the evolution of
interfacial characteristics. CNTs with partially formed AlsCs might be an optimal structure
for highest load transfer efficiency.

In chapter 5, in-situ observation of tensile tests were performed to clarify the
dominant strengthening mechanism in CNT/Al composites. The coarse MWCNTSs with
diameter of ~100 nm and length of ~10 um were uniformly dispersed and effectively aligned
in AMCs through a powder metallurgy route. There was minor structure change of CNTs
during processing. A multiple peeling phenomenon was commonly observed during the
tensile test. The defective bridging walls originated from raw CNTs were helpful to improve
the inter-wall bonding conditions, leading to the effective load transfer between walls and the
peeling behaviors of MWCNTSs. The observed CNT fracture mode suggested the effective
load transfer between MWCNT and the matrix, and between MWCNT walls in CNT/AI
composites during tensile failure. By excluding other strengthening factors, load transfer
resulted in a high strengthening efficiency in AMCs, which agreed with the shear-lag model.
Relationship between interfacial strength and strengthening efficiency of MWCNTSs under
different failure modes was set up using the shear-lag theory. Strong interfacial and inter-wall
bonding were critical to achieve high-strength CNT-reinforced MMCs. The results supported
that load transfer strengthening was effective for CNT reinforced MMCs. Due to the high
strengthening potential of load transfer effect, CNTs are promising to enhance metal matrices
to obtain strong and light nanocomposites as the next-generation engineering materials.

The above findings might shed some light on understanding the strengthening
mechanisms in CNT-reinforced MMCs. To achieve high load transfer efficiency of CNTs in
composites, critical microstructural characteristics were demonstrated as homogeneous CNT
dispersion, strong interfacial bonding, strong inter-wall bonding, good CNT alignment and
large aspect ratio. The relationships between the processing conditions and the former two
factors, which were most important, have been clarified in this study. The present results
might provide significant guidance to fabricate high-strength AMCs reinforced with CNTSs.
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Chapter 7

Future work prospects

Strengthening mechanisms in CNT/AIl composites have been investigated in Chapter
5. It is revealed that the strength improvement is dominantly contributed by the load transfer
from matrix to CNTSs, owing to the CNT fracture and small reinforcing effect of other factors.
Therefore, under the failure modes of the CNT fracture and CNT pull-out, the relation
between composite strength and the structural parameters can be set up by introducing Eqg. 5-
8 and Eq. 5-9 to Eq. 5-7, and they can be expressed as

o, = % V +6, (1-V), 0<ce<or (Eq. 7-1)

o, = (1-2“—(;9)o—fv +6, (1-V), 6t<ce<Som (Eq. 7-2)
where ge (0e=257) is an eigen stress factor of the CNT-matrix system. It is seen that oc is
dependent on five structure factors, viz. S (aspect ratio of CNTSs), 7 (interfacial strength), V
(fraction of CNTSs), om (matrix strength) and or (strength of CNTS). With the increase of these
factors, the changes of oc are shown in Table 7-1. It is seen that the increases of S, z and om
will result in the increase of oc. It suggested that large CNT length, small CNT diameter and
strong matrix always tend to obtain a high strength. When increasing V, if e is small (ce<20om,
or St<om), the composite strength will be a little decreased (Eq. 7-1). It is because CNTs can
be regarded as voids in this way owing to the small load bearing ability of CNTSs. If oe is
large enough (oe>20m), higher CNT content leads to higher composite strength. It should be
noted that, under the fracture mode (Eg. 7-2), the increase of V also results in the
improvement of o because oris usually far larger than om (6+>100m).

When increasing oy, oc has different tendencies in the two fracture modes (Table 7-1),
as shown in Figure 7-1. In the CNT failure mode, oris smaller than ge. oc increases with
increasing of because of the improvement of load transter efficiency. As ot is larger than oe,
CNTs are not able to be ruptured and they fail in the pull-out mode. Then o¢ is independent

on of because the maximum stress on CNTs has not reached to or. In this way, the high
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strength of CNTs is ‘wasteful’ to some extent. The most efficient state is attained when ot is
equal to oe and the maximum oc is 0.5Vos+(1-V)om, Which is also the theoretical maximum

value in the systems of CNT-reinforced composites (Figure 7-1).

Table 7-1. Relation between composite strength (o) and structural parameters.

Factors (Increase) S T Om \Y ot
(0e<20m) Decrease (o1<oe) Increase
oc Increase Increase Increase
(0e>20m) Increase (or>0¢ ) No change
C.4
0.5Vost+ (1-V)o,,
* CNT pull-out
CNT fracture
[
(I'V)Gm
0 C. Or

Figure 7-1. Relation between composite strength and CNT strength at different failure
modes of CNTs.

It can be concluded that, aiming at fabricating high-strength CNT/AIl composites,
strong matrix, strong interface and high-fraction CNTs with enough high strength and large
aspect ratios are preferable structure parameters. Although the CNT fracture mode has been
observed and confirmed in CNT/AIl composites (Chapter 5), which suggests a high load
transfer efficiency, the tensile strength of composites is still limited to ~120 MPa. It is
because, the matrix strength (~100 MPa), CNT fraction (0.6 wt.%), aspect ratio of CNTs
(~100) and CNT strength (~4 GPa) are small comparing with the maximum values reported
in the literatures. These factors will be discussed point by point.

Strong metal materials are good matrix candidates to get higher composite strength.

However, high-strength metals usually have low strain hardening ability or low deformability,
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which may be detrimental to the dispersion quality of CNTs, the mechanical performances of
composites and thus the reinforcing effect of CNTs. Therefore, the matrix effect has to be
demonstrated in CNT/metal composites.

Although a simple and effective approach has been proposed in Chapter 3, the
concentration (0.88 vol.%) and aspect ratio (~50) of CNTs are still comparably low
compared with the reported long CNTs. The dispersed CNT content has been found related
to the starting CNT content, Al powder morphology and milling conditions. If high-content
or large-aspect-ratio CNTs are used, the difficulty in dispersing CNTs is undoubtedly
increased. Novel methods have to be developed to deal with the CNT dispersion problems of
high CNT concentration and large aspect ratios.

With different CNT types, except for aspect ratios, the CNT strength and inter-wall
bonding conditions may change at the same time. The morphology and density of defects
inside CNTs played critical role in determining the CNT strength and the load transfer
efficiency among neighboring walls. To reveal the atomic fracture mechanism of CNTs in
MMCs, in-situ TEM study has to be performed during tensile tests. For composites use,
CNTs with simultaneous high strength and good inter-wall bonding are urgently demanded,
which is also a present challenge for CNT manufacturers.

In despite of the achieved strong CNT-Al interfaces by combination of SPS and hot-
extrusion via PM route (Chapters 5), their interfacial structures have not been clearly
clarified to understand the dominant factor that leads to a strong interface bonding. Although
the relation between interfacial characteristics and SPS temperatures has been set up in
Chapter 4, the optimal interface structure seems to be not high enough to break the fine
CNTSs with strength of ~10 GPa. Detailed atomic reaction mechanisms between CNTs and
metals is ought to be investigated by in-situ TEM observations at elevated temperatures. This
study may pave up the way to design strong interfaces which are able to break the high-
strength CNTs during composite failure.

In summary, the proposed most important works in the near future on CNT-
reinforced MMCs are listed below.

(1) To investigate the matrix effect on the reinforcing of CNTs by using high-strength
metals with ultra-fined grains or alloy elements.

129



(2) To develop approaches to disperse CNTs with large aspect ratios over 100 (for
example 500) and high fractions over 2 wt.% (for example 10 wt.%).

(3) To clarify the reaction mechanisms between CNTs and metals via in-situ TEM
observations at elevated temperatures.

(4) To reveal the atomic fracture mechanism of CNTs in MMCs via in-situ TEM

observations during tensile tests.
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