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Abstract

MICROSTRUCTURE AND MECHANICAL PROPERTIES OF CARBON NANOTUBE
REINFORCED ALUMINUM MATRIX COMPOSITE

Zhi Li
Master of Applied Science, Mechanical and Industrial Engineering,
Ryerson University, 2018

The carbon nanotube (CNT) was first discovered by lijima in 1991. Carbon nanotubes have
remarkable mechanical, electrical and thermal properties. Aluminum alloys are commonly used in
various fields due to low density, good mechanical properties and excellent corrosion resistance.
To enhance their strength, aluminum matrix composites reinforced by carbon nanotube have been

recently developed.

In the present work, the composite composed of 2 wt.% carbon nanotubes as the reinforcement
and aluminum alloy 6061 as the matrix has been studied. It is fabricated by powder metallurgy and
friction stir processing (FSP) followed by heat treatment. The main objectives of the research are
to characterize the microstructure, mechanical properties as well as deformation behaviors. Optical
microscopy, X-ray diffraction test, compression tests, tension tests, fractography and low cycle
fatigue tests have been conducted. The prediction model for yield strength and the calculation

model for Young’s modulus are analyzed and discussed.
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1. Introduction

People are facing increasingly severe problems due to climate change and environment pollution.
Transportation systems, especially vehicles, make substantial contributions to these issues. In
order to improve the fuel efficiency and reduce the emissions of greenhouse gases such as CO»,
one of the most effective methods is to increase the application of light-weight materials in vehicles,

such as advanced high strength steel, aluminum, magnesium and composites.

The lightweight materials such as aluminum alloys have many advantages: low density, good
formability and ductility. To enhance their strength, aluminum matrix composites reinforced by

particles such as carbon nanotube (CNT) have been recently developed.

A number of investigations have been conducted on CNT and CNT reinforced composites since
the last decade. Fig. 1.1 shows the numbers of publications on CNT and CNT composites. Almost
1/3 of the publications about CNT are related to CNT composites. Fig. 1.2 demonstrates the
numbers of publications on various CNT reinforced metal matrix composites (MMCs). Among

different metal matrices, aluminum is the most reported matrix.
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Briefly speaking, the main objective of the current study is to accomplish characterization of the
CNT reinforced 6061 aluminum matrix composite in three aspects:
(1) Analyze the microstructure and identify phases in the composite.

(2) Evaluate deformation behavior of the composite by conducting compression tests, tension

tests and low cycle fatigue tests.

(3) Summarize strengthening mechanisms of the composite and analyze two mathematical

models: prediction model for yield strength and calculation model for Young’s modulus.
The novelty of the current research lies in two aspects:

(1) Strain-controlled low cycle fatigue tests were carried out to evaluate fatigue behaviors of the

composite, while other researchers mainly used force-controlled fatigue tests. By conducting



strain-controlled fatigue tests, the deformation behavior with large scale plastic strain and

the cyclic stress-strain relationship could be obtained and analyzed.

(2) Two mathematical models were systematically studied. The author put forward a prediction
model for yield strength in modified Clyne model format based on four strengthening
mechanisms of the composite, and verified the calculation models for Young’s modulus by

comparing the calculated values to the experimental value.
The structure of the thesis is organized in six parts:

After some brief introduction in Chapter I “Introduction”, Chapter II “Literature Review” covers
some background information of CNT reinforced aluminum matrix composites, including
structures, properties and synthesis methods of CNT, fabrication techniques and strengthening
mechanisms of CNT/ Al composites, recent investigations and the prediction models for yield
strength. In Chapter III “Materials and Methods”, the studied materials and all the experimental
methods are introduced. Chapter IV “Results and Discussions” shows the results obtained from
the current investigations and a brief discussion. In Chapter V “Calculation Model for Young’s
Modulus”, the calculation models for Young’s modulus are discussed, and the calculated values
are compared with experimental value. Finally, Chapter VI “Summary and Future Work” presents

some conclusions drawn from the current studies and possible future work.



2. Literature review

2.1 Carbon Nanotube

2.1.1 Carbon Nanomaterials

Carbon nanotube (CNT) was first discovered by Ilijima [1] in 1991, and was described as hollow,
nano-sized tubes composed of graphite carbon. Carbon nanotube is one of the three most
significant carbon nanomaterials, while the other two are fullerene and graphene. In 1985, Kroto
et al. [2] first discovered fullerene, also known as C60 or Buckyball. In 2004, Novoselov and Geim
et al. [3] extracted graphene from bulk graphite. The discoveries of carbon nanotubes, fullerene
and graphene are recognized as the three major milestones in the history of carbon nanomaterials

research.

While fullerene has a cage structure and graphene is a flat monolayer of graphite, the carbon

nanotube can be visualized as a sheet of graphene rolled into a tube (Fig. 2.1).

Graphene

Graphite

Fullerene
Carbon nanotubes

Fig. 2.1 The illustration of relationship among graphene, fullerene, carbon nanotubes and

graphite [4]



Carbon nanotubes can be divided into two categories according to their structures: single-walled
carbon nanotube (SWNT/ SWCNT) and multi-walled carbon nanotube (MWNT/ MWCNT), as
shown in Fig. 2.2. The carbon nanotube observed in 1991 was actually MWNT. A few years later,
Iijima et al. [S] and Bethune et al. [6] independently reported the synthesis of SWNT. MWNT is
an array of nanotubes nested like rings of a tree trunk, while SWNT consists of a single graphene
sheet seamlessly rolled into a tube. Three different types of SWNT structures can be obtained when

rolled along different orientations, including armchair, zigzag and chiral [7] (Fig. 2.3).

\ -, connection points
(" of graphene sheet
after wrapping

m_ —
n'-

Fig. 2.3 Three types of single-walled carbon nanotube [7]



Several differences exist between SWNTs and MWNTs. For instance, bulk synthesis of SWNTs
is difficult even with a catalyst, and the purity is usually poor; while MWNTs with high purity can
be easily produced without a catalyst. In addition, SWNTs are easy to characterize and twist; while

they are difficult for MWNTSs due to the complex structure [8].

2.1.2 Properties of Carbon Nanotube

Carbon nanotubes have remarkable mechanical properties, such as extremely high strength and
stiffness. It is reported that SWNTSs have an average Young’s modulus of 1.25 TPa [8], while
MWNTs show an average value of 1.8 TPa [10]. In contrast, steel has a Young’s modulus of 210
GPa and the typical value of aluminum alloy is 70 GPa. The tensile strength of carbon nanotubes
is up to 150 GPa [11], nearly 5 times that of carbon fibers. Furthermore, carbon nanotubes also

have extraordinary electrical and thermal properties [12].

2.1.3 Applications of Carbon Nanotube

The first major commercial application of MWNTSs was electric conducting components added in
polymer. Carbon nanotubes can be used in a wide variety of fields, such as electro-chemical
devices, field emission devices, sensors, energy storage and probes for scanning probe microscopy,
etc. [13][14]. Carbon nanotubes can be also used as reinforcements in different materials to
fabricate composites, including polymer matrix composite (PMC), ceramic matrix composite

(CMC) and metal matrix composite (MMC).

2.1.4 Synthesis of Carbon Nanotube

Carbon nanotubes can be synthesized by chemical and physical methods. Three major kinds of
methods have been developed, namely electric arc discharge, laser ablation and chemical vapor

deposition (CVD) [15][16][17].

(1) Electric arc discharge is a type of classic technique. An arc is created between the graphite
cathode and anode in this process. By means of a catalyst containing Co, Ni, Fe and Y powders,

carbon nanotubes are condensed on the cathode surface.



(2) Laser ablation is one of the superior methods to synthesize carbon nanotubes with fine quality
and high purity. A high power laser is focused onto the graphite target, and carbon is vaporized
from the target at high temperature (1200 °C). The vapors are carried by Helium or Argon gas
from the high temperature chamber into a cooled collector positioned downstream. The nanotubes

will self-assemble from carbon vapor and condense on the walls of the flow tube.

(3) Chemical vapor deposition (CVD) is now the most commonly used method and is becoming
the standard method. Carbon nanotubes are produced through a controlled reaction of the
decomposition of a hydrocarbon gas (methane, carbon monoxide or acetylene) on a metal catalyst
such as Ni, Fe or Co. The CVD method costs less, and can achieve large-scale production with
high purities. However, the properties are inferior to those produced by the former two methods

because of the presence of defects.

Both arc discharge and laser ablation need a high temperature environment. Nowadays, these
methods have been replaced by CVD techniques at a lower temperature (< 800 °C). Furthermore,
the orientation, alignment, length, diameter, purity and density of CNTs can be precisely controlled
in the CVD method. For example, plasma enhanced CVD (PECVD) can produce aligned arrays of

carbon nanotubes with the desired diameter and length [18].

2.2 Aluminum Alloys and Aluminum Matrix Composites

2.2.1 Aluminum Alloys

Aluminum alloys have a number of advantages, such as low density, good mechanical properties,
excellent corrosion resistance, as well as good formability and machinability. Aluminum alloys
are widely used in various industrial fields, such as construction, automotive, aerospace and
railway transportation. According to the chemical compositions and production methods, they can
be classified into two categories: cast aluminum alloys and wrought aluminum alloys. Compared
with cast aluminum alloys, wrought aluminum alloys usually have better ductility and fewer inside

defects. They can be produced by rolling, extruding and forging, etc.

6XXX series aluminum alloy is the alloy with the principle alloying elements of magnesium and

silicon. In spite of the strength being less than as 2XXX and 7XXX series alloys, they have better



extrusion ability and formability. The chemical compositions and typical mechanical properties of

some 6XXX series aluminum alloys are shown in Table 2.1 and Table 2.2. Among all the 6XXX

alloys, 6061 is the most commonly used one due to its medium strength and excellent formability

and extrusion ability.

Table 2.1 Chemical composition of some 6 XXX series aluminum alloys [19]

Alloy Si Fe Cu Mn Mg Cr Zn Ti Al

6063 0(')22' <0.35 <0.10 <0.10 0(')43' <0.10 <0.10 <0.15 Balance
0.40- 0.15- 0.04-

6061 0.8 <0.7 040 = 0.15 0.8-1.2 035 = 0.25 <0.15 Balance

6351 0.7-1.3 <0.50 <0.10 0(')43' 0(')43' <020 <0.20 <0.15 Balance

Table 2.2 Typical mechanical properties of some 6 XXX series aluminum alloys [19]

Alloy e e Y Elongation %
T4 90 170 oy
6063 . - " 2
T4 145 240 2
6061 T6 275 310 -
T4 150 250 20
6351 6 583 110 y

2.2.2 Aluminum Matrix Composites

Aluminum alloy is a widely used matrix for composites. Micron-sized ceramic particles, such as

Silicon Carbide (SiC) and Aluminum Oxide (Al2O3) [20], are commonly used as additives in

aluminum matrix composites. Some other particles are also used such as Boron (B), Boron Carbide



(B4C) and Titanium Carbide (TiC) [21]. With the addition of these particles, improvement in
strength can be achieved. However, machinability becomes poorer due to the large size and high
hardness of the micron-sized reinforcements [22]. Nano-sized reinforcements have been

considered as a solution to overcome the machining challenge.

Compared with the micron-sized reinforcements, carbon nanotubes have much better mechanical
properties and smaller size, which is beneficial to its properties and machinability. However, it is
difficult to achieve perfect dispersion of the CNTs in the aluminum matrix. Furthermore,
interfacial chemical reactions between CNTs and aluminum matrix may lower the strength and
reduce the efficiency of the reinforcement in nano-composites [23]. Many studies have been
conducted to improve the processing and properties of CNT reinforced aluminum matrix

composites, but these problems are still unable to be solved completely.

2.2.3 Applications of CNT/ Al Composites

At present, CNT reinforced aluminum matrix composites are still in the research phase of
development without commercial applications. However, they have potentials in the application
of automotive and aerospace industries for manufacturing brake shoes, cylinder liners and aircraft
landing gears thanks to their low density, high strength and good wear resistance. They could be

also used in sports industry to produce bicycles and rackets [24].

2.2.4 Fabrication Techniques of CNT/ Al Composites

During the fabrication process, the integration of CNTs in the matrix must be achieved. This is a

critical step because it controls the microstructure, and in turn determines the properties.

Carbon nanotubes are added as reinforcement in aluminum alloy by a variety of processing
techniques. The processing methods can be divided into two categories according to the state of
raw materials, including liquid state processing and solid state processing [25]. Liquid state
processing mainly includes casting and infiltration. Solid state processing is the most widely used
method to fabricate CNT reinforced metal matrix composite. The initial materials are processed in

the solid state without phase transformation at room temperature. Various processing methods



have been developed, including casting, powder metallurgy, thermal spraying and friction stir

processing (FSP).

(1) Casting

Casting, as a process of melting and solidification, is the most conventional processing technique
for making metal matrix composites (MMCs). It has also been utilized to produce CNT reinforced
MMCs. Several methods have been developed, such as stir casting, die casting, and squeeze
casting [26]. Due to the low cost and short processing time, casting is fit for mass production.
However, it has some disadvantages. The process may cause damage to CNTs, and the suspended

CNTs tend to form clusters due to surface tension.

(2) Powder metallurgy

Many studies on Al/ CNT composites have been carried out using the powder metallurgy method,

such as spark plasma sintering (SPS) and ball milling.

Spark plasma sintering (SPS)

Spark plasma sintering (SPS) is a variation of hot pressing in which the heat is provided by a
pulsed DC current passing through the die or the powders during consolidation. Spark discharges
at the particle interfaces produce rapid heating, enhancing the sintering rate. SPS is an attractive
process for fabricating CNT/ Al composites because of its short time processing, which is
beneficial to restricting the reactions in the interfacial area [27]. However, there are also limitations

on the product geometry and expensive equipment is required.

Ball milling

The high-energy ball milling is an efficient method to promote CNT dispersion into aluminum
powders [28]. Materials are ground into extremely fine powders in high-energy ball milling. High
pressure is generated by repeated collision between balls [29]. The grinding action results in

effective dispersion of CNTs in the aluminum matrix by breaking up the entangled CNTs. In the
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meantime, it also brings some adverse effect. It would contaminate the powders and cause severe

damage to the CNTs because of its high-energy input and the prolonged treatment [30].

(3) Thermal spraying

Thermal spraying can be described as the spraying of molten or semi-molten particles onto a
substrate to form a coating/ deposit by means of impact and solidification [24]. According to the
heat source, different methods can be used in thermal spray processes such as plasma spraying
[31], high velocity oxy-fuel (HVOF) spraying [32] or cold spraying [33]. The plasma spraying is
the one commonly used. It can produce CNT/ Al powders easily, but the CNT clusters also appear
at high CNT concentration.

(4) Friction stir processing (FSP)

Friction stir processing (FSP) is a metal working technique based on the basic principles of friction
stir welding (FSW) [34]. A rotating tool is used with a specially designed pin and a shoulder to a
single piece of material. The tool moves along a certain desired path through the workpiece by
revolving in a stirring motion. FSP can achieve properties changes in the material via severe and
localized plastic deformation. FSP has been demonstrated to be an effective method of
incorporating reinforcing nano-sized particles into the metal matrix, and homogenizing the

microstructure of heterogeneous materials.

2.2.5 Challenges in Bulk Production

During the fabrication process, CNT can easily suffer structural damage. CNTs tend to
agglomerate together due to their large aspect ratio and strong Van der Waals force [35].
Furthermore, the poor wetting properties between aluminum and CNT make the CNT distribution
problem even worse. The CNT clustering would deteriorate the physical and mechanical properties

of the composites [24].

The problems that researchers have to solve include how to cause minimum structural damage to

CNT, maintain the chemical and structural stability of CNT, keep the chemical reactions between
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CNT and aluminum matrix to a reasonable level, as well as minimize the agglomeration and
clustering of CNT. Various measures have been taken to overcome these challenges, in order to
acquire better structural stability of CNT, uniform dispersion of CNT, and a stronger interfacial
bonding between CNT and aluminum matrix. In addition, researchers have also tried to obtain a

better alignment of CNT.

2.3 Strengthening Mechanisms

The uniform dispersion of carbon nanotubes in the aluminum alloy matrix has an outstanding
strengthening effect on the mechanical properties. It is widely accepted that there are mainly four
strengthening mechanisms in the CNT/ Al composites, namely load transfer, thermal mismatch,
Orowan looping and grain refinement strengthening [36]. These mechanisms are generally thought

to exist and work simultaneously.

(1) Load transfer

The basis of load transfer theory is the shear lag model suggested by Kelly and Tyson [37] for
fiber reinforced composites. Interfacial bonding can be generated in the composite, and the load
could be transferred from the matrix to the reinforcement because of the interfacial shear stress.
The formation of AlsCs is necessary for effective load transfer between the reinforcement and

matrix [38].

(2) Thermal mismatch

Carbon nanotubes have a coefficient of thermal expansion of up to 1 x 10 K1, while aluminum
exhibits a much greater coefficient of thermal expansion of 23.6 x 10 K! [39]. There is an
apparent mismatch of the thermal expansion coefficient between the aluminum matrix and the
carbon nanotubes, causing the “prismatic punching” of dislocations at the interface that leading to
work hardening of the matrix. The dislocation density becomes higher, which in turn would

contribute to further strengthening.

(3) Orowan looping
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The motion of the dislocation is inhibited by nano-sized carbon nanotubes, leading to bending of
these dislocations between the carbon nanotubes. This produces a back stress [40], which prevents
further dislocation movement and results in an increase of strength. The Orowan looping in

aluminum alloys is presented as the strength improvement caused by fine precipitates.

(4) Grain refinement strengthening

Grain refinement is a very significant mechanism for strengthening and has been often overlooked
by many researchers. Carbon nanotubes act as barriers for the growth of aluminum grains, leading
to a significant reduction of grain size. It has been reported by a number of researchers [41][42][43]
that the grain size of CNT/ Al composites is much smaller than that of aluminum alloy. According
to the Hall-Petch effect, the grain boundaries will cause misorientation between neighboring

grains [42] and block the dislocation movement, which will improve the strength.

2.4 Recent Research Work on CNT/ Al Composites

The CNT/ Al composites have been widely studied by researchers all around the world in recent
years. The research topics cover the fabrication, processing, microstructure and mechanical
properties, etc. Furthermore, the researchers conducted experiments to explore the influences of

different factors on properties, such as carbon nanotubes content, diameter and heat treatment, etc.

2.4.1 Effect of CNT Content

The first major factors taken into consideration affecting the mechanical properties of CNT/ Al
composites is the content of carbon nanotubes. Many previous studies have reported that the
content of carbon nanotubes has a significant effect on mechanical properties, including hardness,

yield strength, tensile strength and Young’s modulus of the composite.

Srivastava et al. [44] reported that micro hardness went up as the content of CNT increased. Park
et al. [45] studied the composite with the CNT content from 0 to 0.5 wt.%. Within this range, the
strength of the composite had a significant improvement as the increase of CNT content. It was

reported by Pérez-Bustamante et al. [46] and Liao et al. [47] that the CNT content had a positive
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effect when the CNT content was no more than 2 wt.%, as shown in Fig. 2.4. Esawi et al. [48]
stated that the strength were enhanced as the CNT content increased within a specific range. The
best result was obtained when the content of CNT was 2 wt.%, while further addition of CNT
caused a deterioration in strength (Fig. 2.5). The same conclusion was drawn by Carvalho et al.

[49] and Liao et al. [S0], as shown in Fig. 2.6, Fig. 2.7, and Table 2.3.
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Fig. 2.4 Stress-strain curves of CNT/ Al composite with CNT content from 0 to 2 wt.% [46]
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Fig. 2.5 Tensile strength of the composites with CNT content from 0 to 5 wt.% [48]
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Table 2.3 Mechanical properties of Al and CNT/ Al composites [50]

Density Vicker
. Ours Ductility
Materials Theoretical Experimental Relative ha[li_(li{l]']:ss [MPa] [%]
[g/em’] g/em’] [%]

Al-0.0 wt.% MWCNT 2.70 2.67 98.93 40.00 136 28
Al-0.5 wt.% MWCNT 2.69 2.70 100.34 60.10 180 ( 1 32%) 21
Al-1.0 wt.% MWCNT 2.68 2.69 100.31 67.39 259 (1 90%) 21
Al-2.0 wt.% MWCNT 2.66 2.72 101.94 81.00 300( 1 120%) 18
Al-3.0 wt.% MWCNT 2.65 2.68 101.39 103.78 247 (1 82%) 15

Note: Arrow ( 1 ): increased percentage in ultimate tensile strength compared with monolithic Al.

This can be explained by the dispersion of CNTs. The agglomeration of carbon nanotubes is a
major factor affecting mechanical properties. This problem is difficult to solve because of the size
difference between carbon nanotubes particles and the metal powders as well as their attractive
Van der Waals interactions [S1]. More CNT clustering happens when the content of CNT is larger

than 2 wt.%, causing a deterioration of strength.
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2.4.2 Effect of CNT Diameter

Esawi et al. [54] investigated the effect of CNT diameter on the mechanical properties of CNT/ Al
composites fabricated by high-energy ball milling. It was found that large diameter CNTs were
dispersed more easily into the aluminum matrix than the smaller diameter CNTs because the
smaller diameter CNTs had a stronger tendency to agglomerate. As shown in Fig. 2.8, the 40 nm
CNTs provide more strengthening effect than the 140 nm CNTs up to a CNT content of 1.5 wt.%,
and it is reversed at 2 wt.% and 5 wt.% because the CNTs with larger diameter provides additional

strengthening.
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Fig. 2.8 Tensile strength of composites with CNT of different diameters [S54]

2.4.3 Effect of Fabrication Processing and Heat Treatment

There are some other factors affecting the microstructure and mechanical properties, such as the

number of passes in friction stir processing (FSP), ball milling condition, and heat treatment.

Several researchers studied the influence of some key parameters of FSP. Liu et al. found that the
CNTs were cut and shortened after FSP due to the shear stress, and the length of CNTs decreased
as the number of FSP passes increased [55]. He noticed that FSP could reduce the CNT clusters
and make the CNTs better dispersed into the matrix. The distribution homogenization was

improved as the number of FSP pass increased. Therefore, better CNTs dispersion was achieved
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in CNT/ Al composite with 4-pass FSP than that with 1-pass [56]. Similarly, Izadi et al. [S7] found
that the distribution of CNTs in the matrix after 3-pass was better than that after 2-pass FSP.

Liu et al. [29], Choi et al. [30], Esawi et al. [58] carried out research on the influence of ball
milling condition. Liu et al. [29] found that ball milling improved the dispersion of CNTs in the
aluminum matrix. The best interfacial bonding between CNTs and aluminum matrix was
obtained with 6 h ball milling time. When the ball milling time was longer (8—12 h), the strength
was no longer improved but the CNTs were severely damaged. Similar conclusions were drawn
by Choi et al. [30]. In contrast, Esawi et al. [58] found the mechanical properties were better with
the ball milling time of 3 h than 6 h because the cold working effect of the ball milling process

were reduced.

Some researchers studied the effect of heat treatment on the mechanical properties of CNT/ Al
composites since many aluminum alloys are heat-treatable. Zhang et al. [S9] studied the CNT/
SiC/ Al 6061 hybrid composite fabricated by squeeze casting, and found that the heat treatment
improved the bond strength between CNT, SiC and Al, which enhanced the strength of the
composite. However, Zhao et al. [60] investigated the CNT/ Al 6061 composite made by FSP and

found that the T6 heat treatment strengthening effect was insignificant.

2.4.4 Research on Fatigue Properties

Several researchers have conducted investigations on fatigue properties of CNT/ Al composites.
Force-controlled fatigue tests were mainly used in current studies. Carvalho et al. [36] carried out
the force-controlled tension-tension type fatigue tests with the stress ratio R = 0.1 and the
frequency of 16 Hz. The results are shown as Fig. 2.9. It can be seen from Fig. 2.9 that under
identical loading conditions, the 2 wt.% CNT/ AlSi composite has a longer fatigue life than the
unreinforced AlSi alloy. This can be attributed to the strengthening of the interfaces and the crack

path deflection due to the CNTs at the interfaces.
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Liao et al. [61] conducted force-controlled fatigue tests under tension-tension load, with the stress
ratio R = 0.1 and frequency of 5 Hz. The composites with CNT have longer fatigue lives in most
of his experiments (Fig. 2.10). It is because the addition of CNT improves the material’s damage

resistance under cyclic loading.
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Fig. 2.10 Stress-life (S-N) diagrams for CNT/ Al composites [61]
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Shin et al. [62] studied the fatigue properties of Al 2024 alloy reinforced with multi-walled carbon
nanotubes. The force-controlled tension-compression fatigue tests were conducted, with the stress
ratio R =-0.5 and a frequency of 5 Hz. It was found that the addition of MWCNT resulted in much
higher maximum stresses than 2024 aluminum alloy, and the maximum stress increased as the

MWCNT content increased. (Fig. 2.11)
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Fig. 2.11 Fatigue life of MWCNT/ Al 2024 composites [62]

2.4.5 Research on Corrosion Properties

Not many researchers have conducted investigations on the corrosion properties of CNT/ Al
composite. Saravanan et al. [63] studied the corrosion behavior of CNT reinforced 4032 alloy.
Kumar et al. [64] did research on CNT reinforced 5083 alloy. It was reported by both groups of
researchers that the composites had a better corrosion resistance than the base alloys. The reason
is because CNTs slow down the formation of the oxide layer by keeping the oxide layer detached
from the alloy. Therefore, the corrosion rate is reduced, leading to an improvement of the corrosion

properties.
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2.5 Prediction Models for Yield Strength

Several approaches have been developed to predict the yield strength of metal matrix composites
(MMCs), and more recently metal matrix nano-composites (MMNCs). Three models have been
proposed: arithmetic summation, compounding and quadratic summation. All the strengthening
factors including load transfer, thermal mismatch, Orowan looping and grain refinement
strengthening should be taken into consideration in the prediction model for yield strength.
Because of the lack of detailed data, all the models will be generally discussed according to the

equation expression without calculation.

2.5.1 Arithmetic Summation Method

The arithmetic summation method is the first developed model to predict the yield strength of
MMCs [65]. Based on this method, the yield strength of the composite is the sum of improvements
plus the inherent yield strength of the matrix itself, as shown as Eq. (1) and Eq. (2). It assumes
that different mechanisms are simultaneously present and make contributions independently
without influencing each other [66]. However, this model has been shown that the prediction
usually had a higher value in yield strength compared with the experimental value [67]. Therefore,

it is not generally applied in many cases.

Oy = Oyy + Ao 1)
AO-C = AO—L.T. + AO_T.M. + Ao-orowan + AO—G.R. + AO—EM (2)

Ao stands for the improvement of yield strength caused by certain factors as follows:

L.T Load Transfer

T.M. Thermal Mismatch

Orowan Orowan looping

G.R. Grain Refinement (Hall-Petch effect)
E.M. Elastic Modulus Mismatch
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2.5.2 Compounding Method

The compounding method is based on the form of equation that Ramakrishan [68] proposed to
predict the yield strength of particle reinforced MMCs. The equation is expressed in Eq. (3).

ayc = ym(]- + fL.T.)(]- + fT.M.) (3)
This method was further developed by several researchers by adding more influencing factors,

including Zhang and Chen [69] (Eq. (4) ), and Mirza and Chen [70] (Eq. (5)) [71] (Eq. (6)).

(1) Zhang and Chen

Oyc = ym(]- + fL.T.)(]- + fT.M.)(]- + fOrowan) (4)

(2) Mirza and Chen

ayc = ym(]- + fL.T.)(]- + fT.M.)(]- + fOrowan)(1 - fporosity) (5)

ayc = aym(l + fL.T.)(]- + fT.M.)(]- + fOrowan)(1 + fHall—Petch—Zener)(1 - fporosity) (6)

Where,

fporosity 18 the deterioration factor associated with the presence of porosity in metal matrix nano-

composites.

In this method, the increase in strength due to all the strengthening mechanisms can be treated
mathematically by multiplying the matrix yield stress by an improvement factor. There are also

equations to calculate each influencing factor respectively.

This type of model has two disadvantages. It takes all the influencing factors into consideration
repeatedly, which might exaggerate the influence of some factors. In addition, by multiplication,
the deviations of each factors are superimposed. That means the results might have large deviations

even if there are only tiny errors in the calculation of single factor.
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2.5.3 Quadratic Summation Method
(1) Clyne model

The quadratic summation method is originally put forward by Clyne and his co-workers [72] for
the composites strengthened by micron-sized reinforcements. It is assumed in this method that
individual strengthening mechanism interacts with each other. Each strengthening factor makes
contributions unevenly, and the improvement of the yield strength can be expressed as the Eq. (7)

and Eq. (8).

Oyc = Oym + Ac @)

Ao = \/(AO'L.T.)Z + (Aor y )? ®

When the size of reinforcement in the composite is on the micron scale, the Clyne model works
well. However, there could be significant changes of the properties of composites when the size
of microstructure approaches nano-scale. Therefore, the Clyne model cannot be applied directly
to nanocomposites. More strengthening mechanisms should be taken into consideration for the

nanocomposite, and the modification of Clyne model can be written in a similar expression.

(2) Modification of Clyne model

There are several different versions of the modified Clyne model with different factors included,

such as Modified Clyne model proposed by Sanaty-Zadeh [66]:

Ao =/ (80,1)? + (A0orowan)? + (A0Hau-petcn)? + (Bog u)? + (Ao )? + (Do 4 )? 9
Where,
Aoy, y is the contribution caused by work hardening

The author also pointed out that the work-hardening effect during extrusion or pressing was not
significant for matrices with fine grains and therefore can be neglected. If the work-hardening
effect is ignored, the equation can be described as Eq. (10), which is the same as the model put

forward by Kim et al. [67].
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Ao = \/(Aaﬁall—Petch)z + (AGorowan)? + (Ao )? + (Aog y)? + (Ao 1 )? (10)

One of the latest modified model was proposed by Mokdad et al. [42], expressed as Eq. (11).

AO' = \/(AO-LT)Z + (AO-TM)2 + (AO-Orowan)2 + (A()-Hall—PetCh—Zener)2 (11)
Where,

AGHa11—petch—zener 18 the contribution made by Hall-Petch effect as well as the co-existing Zener

drag effect.

2.5.4 Comparison and Discussion

There is no general agreement on which model best presents the yield prediction model concerning
the composite deformation behavior. However, it is reported by several studies that the quadratic
method exhibits the best match with experimental data. By comparing and analyzing different
models, the author considers the modified Clyne model works best to predict the yield strength of

CNT reinforced aluminum matrix composite, and the expression is shown in Eq. (12).

Ao = \/(AUL.T.)Z + (Ao y)? + (Aoorowan)? + (Aoyan—petcn)? (12)
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3. Materials and Methods

3.1 Materials

The materials used in this research consisted of 2.0 wt.% CNT and 6061 aluminum alloy (Al-
1.1Mg-0.56Si1-0.2Cu, wt.%). All specimens were provided by the Institute of Metal Research,
Chinese Academy of Sciences. The as-received CNT/ Al composites were fabricated by a
combination of powder metallurgy and friction stir processing (FSP). The 6061 Al powder
particles had a spherical shape with an average diameter of 10 um. The CNT (purity 95-98 %)
were synthesized by chemical vapor deposition (CVD) and had entangled morphologies with an
outer diameter of 20—40 nm and a length of 5 um.

CNTs were mixed with the 6061 Al powders in a mechanical mixer at 50 rpm for 8 h with a ball
to powder ratio of 1:1 by volume (Fig. 3.1). The mixed powders were first cold-compacted in a
die and hot-pressed into cylindrical billets at 580 °C in a vacuum environment. The billets were
then forged into disk plates. Then they were subjected to 4-pass in situ FSP at a tool rotation rate
of 1200 rpm and a moving speed of 100 mm/ min. The tool has a concave shoulder with a diameter
of 20 mm, as well as a threaded cylindrical pin 6 mm in diameter and 4.2 mm in length, as shown

in Fig. 3.2.

The composites were heated at 530 °C for 2 h to get a solid solution heat treatment and quenched

in water rapidly. Then they were artificially aged at 200 °C for 12h to get a T6 temper condition.
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Fig. 3.1 Powder metallurgy process to fabricate the material used in the current research [73]
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3.2 Experimental Methods

3.2.1 Optical Microscopy

The optical microscopy test was carried out using an optical microscope (Nikon EPIPHOT)
equipped with Clemex quantitative image analysis software. Microstructures were observed from
two directions: parallel to the FSP direction and perpendicular to the FSP direction. Standard
metallographic specimen preparation techniques including mounting, grinding and polishing were
used following the requirements from the ASTM standard E3 — 11 (2017). To acquire the etched
specimen for microscopic examination, the etchant Keller’s reagent containing 1% hydrofluoric
acid (HF), 1.5% hydrochloric acid (HCI) and 2.5% nitric acid (HNO3) in volume fraction was used,
in accordance with to the ASTM standard E407 — 11 (2015).

3.2.2 X-ray Diffraction (XRD) Test

X-ray diffraction (XRD) testing for phase identification was conducted with a Cu K, radiation
source at an accelerating voltage of 45 kV and a current of 40 mA by PANalytical X-ray

diffractometer system.
3.2.3 Compression and Tension Tests

Both compression tests and tension tests were performed using a United Electro-Mechanical

Universal Testing Machine (Model: SMT-50kN) with a load frame capacity of 50 kN.
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Compression tests were conducted at room temperature at strain rates of 0.001, 0.01 and 0.1 s°'.
All the specimens were divided into two groups according to the orientation: parallel to the FSP
direction and perpendicular to the FSP direction. Two specimens were used under each strain
condition. The specimens were cylindrical specimens with the geometry of ¢5 x 8§ mm. All the

experiment procedures followed the ASTM standard E9 — 09.

Tension tests were carried out at room temperature at a strain rate of 10 !, following the ASTM
standard E8/ ESM — 16a. The specimens for tension test were machined based on the geometry
requirement of sub-size plate-type specimens (Fig. 3.3), with the thickness of 6 mm. The gage
sections of the specimens were ground along the loading direction by using emery paper with a

grit number up to 600 to remove the machining marks and to achieve a consistent surface.
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3.2.4 Fractography

The fracture surfaces of specimens after tension tests were examined via JEOL 6380LV scanning

electron microscope (SEM) equipped with Oxford energy dispersive X-ray spectroscopy (EDS).

3.2.5 Low Cycle Fatigue (LCF) Test

Currently researchers mainly use force-controlled fatigue tests, which mainly studied the behavior
of elastic deformation, with the loads mainly below the yield strength. In order to study the
behavior of the composite under cyclic load in the plastic deformation range, strain-controlled low
cycle fatigue (LCF) tests were conducted. Compared with force-controlled fatigue test, which can
only obtain the S-N curve without more data, strain-controlled fatigue testing can obtain more

information such as the stress-strain relationship and hysteresis loops.

26



Strain-controlled LCF tests under tension-compression load were conducted at room temperature
by using a computerized Instron 8801 servohydraulic fatigue testing system, in accordance with
the ASTM standard E606/ 606M — 12. The specimens for fatigue tests were the same as those used
in tension tests (Fig. 3.4). The gage sections of specimens were ground following the same

procedures as done before the tension tests.

It is desirable to use the cylindrical specimens according to ASTM standard E606/ 606M — 12.
The flat-sheet specimens were provided in current study. Compared with the dimension
requirements from the ASTM standard E606/ 606M — 12 (Fig. 3.5), two non-standard dimensions
can be found in the specimen used. The gauge length was longer than that was required, and the
width of the parallel part was wider. The main principle of the specimen in the ASTM standard
E606/ 606M — 12 is to keep a relative short and narrow gauge area, which will be beneficial to

make the specimen crack within the gauge length.

The detailed parameters of the LCF tests are shown in Table 3.1.
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Fig. 3.4 Specimen used in low cycle fatigue test
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Table 3.1 Detailed parameters of LCF tests

4 4
Before 10 cycles After 10 cycles
Test method Strain-controlled Force-controlled
Ag
Strain amplitude > (%) 0.2,04,0.6,0.8,1.0
d
Strain rate — 1 x102s!
dt
Strain ratio R=-1
Wave type Triangle Sine
de
__ dt _
Frequency f= [75] f=50Hz

The specimens were cyclically loaded with symmetrical tension-compression loading, i.e., with a
nominal strain ratio R, = —1. The nominal strain rate d,/d, was kept constant at 1 x 102 s! in

order to avoid the influence of strain rates.
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4. Results and Discussions

4.1 Optical Microscopy

The microstructures from two directions are shown in Fig. 4.1. The elongated grains are observed
from the surface parallel to the FSP direction, while equiaxed grains are present from the surface
perpendicular to the FSP direction. The vast majority of the microstructure is aluminum matrix,
while the second phase Mg>Si is barely observed. The Mg»Si phase is generally found in wrought

aluminum 6061. The absence will be further discussed in the next section.

(a) (b)

(100 pmy [100 pmy

Fig. 4.1 Microstructures observed from different orientations (a) microstructure observed from
the surface parallel to the FSP direction, (b) microstructure observed from the surface

perpendicular to the FSP direction

4.2 XRD Test— Phase Identification

The result of X-ray diffraction test is shown in Fig. 4.2. Two phases are successfully identified.
One is aluminum, which is the matrix of the composite, and the other is Al4Cs, which is a carbide

generated by the chemical reaction between the aluminum matrix and carbon nanotubes.

The Al4C; particles are needle-shaped mono-crystal structures with average diameter of 20—40 nm,
similar to the original carbon nanotubes. [76][77] The images of Al4Cs are shown in Fig. 4.3.
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Fig. 4.2 X-ray diffraction patterns of the 2.0 wt.% CNT/ 6061 Al composite

Fig. 4.3 TEM micrograph of the extruded CNT/ Al composite [27] (a) Micrograph of the entire
grain boundary, (b) the Al4C3 between the Al matrix and grain boundary.
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The formation of Al4Cs is necessary for effective load transfer between the matrix and
reinforcement [38]. In order to form a strong bonding between the aluminum matrix and CNT, a
strong transition interface is required. Without an interfacial reaction, the CNT-aluminum interface
would be mechanically bonded. This bonding force is largely dependent on the wettability between
the matrix and CNT, which is normally weak due to the surface energy difference. Therefore, with
the formation of suitable carbides through interfacial chemical reaction, the bonding was greatly
enhanced. This is because the in situ formed carbides not only improve the wettability but also

contribute to lock the CNTs in place during deformation.

One notable phenomenon was the absence of the Mg>Si phase. The Mg>Si phase was not observed
in the microstructure as shown in the last section. The absence of Mg>Si can be also found from
other researchers’ work [60][78]. The Mg>Si phase should be precipitated as the second phase
during the aging process, achieving precipitation strengthening. The absence is related to the
fabrication process, since the composite was produced by FSP which is an unconventional method
compared to regular methods such as rolling, extruding or forging. After multiple-pass FSP, the
Mg>Si phase was unable to be generated or dissolved. This may explain why Zhao et al. [60] found
the insignificant strengthening effect of heat treatment in T6 heat-treated CNT/ 6061 Al composites

when they compared the strength between precipitate-free zones and the T6-treated composite.

4.3 Compression Tests

Fig. 4.4 and Fig. 4.5 show the engineering stress — engineering strain curves of compression tests
obtained from different orientations and at different strain rates. It can be seen that this composite
has a very low sensitivity to strain rate under the quasi-static deformation condition (strain rate no
more than 107! / s), similar to typical aluminum. That indicates that the addition of CNT does not
change the strain sensitivity. The values of yield strength and compressive strength are shown in
Table 4.1 and Table 4.2. The yield strengths were obtained by the offset method according to the
ASTM standard E9 — 09. The strength along the FSP direction is much higher than that
perpendicular to the FSP direction. Meanwhile, the strain along the FSP direction is larger than
those perpendicular to the FSP direction, indicating that the malleability is better when the

specimens were along the FSP direction.
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Fig. 4.5 Compression tests results of specimens perpendicular to the FSP direction
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Table 4.1 Yield and compressive strength of specimens parallel to the FSP direction

Strain rate/ s Yield strength/ MPa Compressive strength/ MPa
0.001 420 634
0.01 425 626
0.1 425 621

Table 4.2 Yield and compressive strength of specimens perpendicular to the FSP direction

Strain rate/ s Yield strength/ MPa Compressive strength/ MPa
0.001 356 478
0.01 356 492
0.1 365 448

4.4 Tension Tests and Fractography

4.4.1 Results of Tension Tests

The engineering stress — engineering strain curve and the true stress — true strain curve of tension
tests are shown in Fig. 4.6. Two unusual phenomena can be observed: the non-linear elastic
deformation and the appearance of a yield plateau. These two phenomena will be further discussed

in section 3.4.3.

The yield strength (YS) and ultimate tensile strength (UTS) can be obtained from the stress — strain
curves. The value of elongation is obtained using elongation-after-fracture measurement. The
typical mechanical properties of wrought aluminum 6061 —T6 can be found from ASM handbook
[79]. The comparison of the mechanical properties between the composite and the base alloy is
shown as Fig. 4.7. It can be seen that the strength of aluminum alloy is greatly enhanced by the
addition of CNT. Meanwhile, the elongation is much lower compared with the typical 6061 alloy,

which means that the ductility was sacrificed.
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Fig. 4.7 Mechanical properties of the composite and the base alloy
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4.4.2 Fractography

The fracture surfaces of the specimens after tension tests were observed by using scanning

electronic microscope (SEM). The images are shown as Fig. 4.8
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¥ Deep voids ¢
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:

Miero crack
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Fig. 4.8 Fracture surfaces of the specimen after tension test (a) A dimple rupture surface, (b)
propagation area, (c) deep voids because of the CNT agglomerates, (d) micro crack and (e) the

CNT bridging and CNT pull-out inside micro crack.

From the images of the fracture surface, a number of dimples (Fig. 4.8 (a)) as well as the fatigue
crack propagation area (Fig. 4.8 (b)) can be found, implying a ductile fracture. There are some
deep voids (Fig. 4.8 (c¢)) because of the CNT agglomerates (Fig. 4.9). Some micro cracks are
clearly seen Fig. 4.8 (d)). Inside certain micro cracks, the appearance of CNT bridging and CNT
pull-out are noted (Fig. 4.8 (e)). The CNT bridging and pull-out phenomena are also reported by
other researchers [76][80][81]. CNTs are bonding to the Al matrix in a “bridging” manner,
increasing the AI-CNT interface strength and the fracture energy of the composites. During the
deformation process, the slippage of CNT inner tube and pull-out of CNTs occurs. The process

can be demonstrated in Fig. 4.10.
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Fig. 4.9 Illustration of CNT agglomerates [36] (a) Microstructure in a low magnification, (b)

microstructure in a high magnification.

(a) Crack bridging mechanism

Pull-out of inner tubes Rupture of CNTs

Fig. 4.10 Demonstration of CNT bridging and CNT pull-out [82] (a) Crack bridging

mechanisms, (b) CNT pull-out and rupture.

The fracture patterns of CNT/ Al composites can be divided into intragranular fracture and
intergranular fracture (Fig. 4.11). The intragranular fracture is mainly caused by defects inside the
aluminum grains; while the intergranular fracture has two main sources (Fig. 4.12). One is because

of the CNT agglomerates in the grain boundaries, which appear as deep holes after fracture; the
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other is due to the CNT embedded into the aluminum grain, which the CNT bridging and CNT

pull-out between the crack can be observed in the fracture surface.

intragranular ~
fracture \Al grain
N

intergranular

fracture
\.’

a b
L Fracture line

Insufficient intersplat Entangled CNTsPartially melted
adhesion at splat particle

c Submicro/nano voids d

CNTs embedded in
_splats__

Fully resolidified splats

Fig. 4.12 Different fracture patterns in CNT reinforced aluminum matrix composite [83] (a)
Fracture through weak grain boundary, (b) fracture through grain boundary caused by entangled
CNTs and partially melted particle, (c) intragranular fracture because of nano voids and (d)

fracture due to CNT pull-out
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4.4.3 Discussion

Two unusual phenomena can be found from the stress-strain curves: the non-linear elastic behavior
and the appearance of a yield plateau. There are reasons to believe that these two unusual
phenomena are related to the addition of CNT and the fabrication process. The powder metallurgy
and friction stir processing (FSP) method may change the dispersion of dislocations, which caused

differences on dislocation movements and slips, making the deformation behavior dissimilar.
(D) The non-linear elastic behavior

The non-linear elastic behavior is attributed to the addition of carbon nanotubes. It was noted by
several researchers such as Yakobson et al. [11] and Xiao et al. [84] that the carbon nanotubes had
a nonlinear elastic behavior, mainly as a result of the tubular structure and nano-sized diameter.
The nonlinear elastic behavior of carbon nanotubes is dominant in the deformation of CNT/ Al

composite, causing a similar behavior in the composite as well.

(2) The yield phenomenon

The yield plateaus can be found in the results of tension tests acquired by other researchers.
Carvalho et al. [36] conducted research on CNT reinforced AlSi alloy (Al-Sil1-Fe0.2). The non-
linear elastic behavior and yield plateau can be observed (Fig. 4.13). The yield plateau is also
found in the curve of unreinforced AlSi alloy. Both the alloy and the composite were made by ball
milling followed by hot pressing. This also supports the previous statement made by the author

that these two unusual phenomena are related to the fabrication process.

Liu et al. carried out the investigation with the material CNT/ 2009 Al The yield plateau was found
in the curves of CNT/ Al composite but not the aluminum alloy [74] (Fig. 4.14 (a)). It appeared
after multi-pass FSP but not after forging [55] (Fig. 4.14 (b)). These two results indicate that the
yield phenomenon is attributed to the addition of CNT and the fabrication methods. It should be
pointed out that the stress-strain curves reported by Liu were obtained without the use of an

extensometer, so the slope of the curves did not represent the Young’s modulus.

Two-step yielding behavior in 10 vol. % CNT/ Cu composites was reported by Kim et al. [85] (Fig.
4.15).
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Fig. 4.13 Stress-strain curves of AlSi alloy and 2 wt.% CNTs / AlSi composite [36]
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Fig. 4.14 Stress-strain curves of CNT/ 2009 Al composites (a) Stress-strain curves of FSP-rolled
CNT/ 2009 Al composites with different CNT content [74] (b) stress-strain curves of 4.5%
vol. % CNT/ 2009 Al composites with different FSP passes [55]
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Fig. 4.15 Two-step yielding phenomenon of CNT/ Cu nanocomposite [85]

The yield phenomenon of the composite may be caused by the fibrous CNT/ Al microstructure

and the CNT bridging manner.

The appearance of CNT bridging improves the crack resistance. As the crack moves forward,
energy is consumed by the pull-out of the CNT and the slippage of the CNT inner tube, reducing
the micro-crack propagation rate. Because of the existence of CNT bridging, the stress-strain curve
contains three parts: an elastic deformation region, a CNT pull-out region and a CNT fracture
region. The beginning of the yield plateau stands for the end of elastic deformation. During the
yield plateau, it refers to the CNT pull-out process and atoms movement. After that, the CNT

fracture starts to occur, and the material is finally fractured.
4.4.4 Strength Coefficient K and Strain Hardening Exponent n

Two significant parameters of the material used for modelling and simulation can be obtained from

the stress-strain curve, namely the strength coefficient K and the strain hardening exponent n.

According to the Hollomon equation, the stress and the amount of plastic stress can be expressed

in a form of power law relationship (Eq. (13)):
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o = Ke," 13)
Here, K is the strength coefficient, and n is strain hardening exponent, also known as n-value.

To avoid the influence from the necking region, only the data points between the yield strength
(YS) and ultimate tensile strength (UTS) portions of the stress-strain curve are used. A plot of true
stress versus true plastic strain in log-log coordinates results in a linear curve (Fig. 4.16),

representing logo = nloge, + logK.
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Fig. 4.16 Log-log true stress and true plastic strain curve

The linear function in the graph can be fitted as loge = 0.0352loge,, + 2.7316. Two values
can be obtained: n = 0.0352, and K = 1027316 MPa = 539 MPa.

By plotting the curve by Hollomon equation, it showed a good agreement with the stress-plastic

strain curve, as shown in Fig. 4.17.
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Fig. 4.17 Actual stress-plastic strain curve and the fitted function curve

4.5 Low Cycle Fatigue (LCF) Test

The obtained number of cycles (fatigue life) with different total strain amplitude is plotted in a
logarithmic scale in Fig. 4.18. Two specimens were used at each strain amplitude. It can be seen

that the number of cycles increases as the strain amplitude decreases.
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Fig. 4.18 Strain amplitude versus numbers of cycles to failure

The fatigue life is sensitive to many factors, and there is no standard fatigue life for materials.
However, the fatigue life of the composite is shorter than that of wrought aluminum 6061 obtained
from some literature [86][87]. The decrease of the fatigue life is possibly attributed to the CNTs

agglomerates that behave like local stress concentrations, accelerating the crack growth rate [88].

Fig. 4.19 shows the cyclic stress amplitude as a function of the number of cycles at different strain
amplitude on a logarithmic scale. The cyclic stress amplitude increases as the applied total strain
amplitude increases. At each strain amplitude, the cyclic stress amplitude indicates a decreasing
trend as the number of cycles grows, with a subsequent slight increase in the end. The decreasing
trend of stress amplitude demonstrates that cyclic softening occurs during the fatigue test, while

cyclic hardening occurs for extruded aluminum 6061-T6 [89].
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Fig. 4.20 Typical stress-strain hysteresis loops at the 1.0 % strain amplitude
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Fig. 4.20 shows typical stress-strain hysteresis loops of the first, second and mid-life cycles at a
total strain amplitude of 1.0%. Similar to aluminum as a face-centered cubic (FCC) metal, the

CNT/ 6061 Al composite exhibits nearly symmetrical hysteresis loops.

Cyclic yield strength o, at each strain amplitude was obtained by the 0.2 % offset method
according to the ASTM standard E606/ 606M — 12. The average value was calculated as the final

value of cyclic yield strength o,,r. Cyclic stress-strain and strain-fatigue life relationships can be

obtained by using equations from ISO Standard 12016:2017 [90].

(1) Cyclic stress-strain behavior

There is a similar equation to Hollomon's equation for the cyclic stress-strain curve (Eq. (14)),

Ao Ag N\
=7 =K(3}) a9

Cyclic stress-strain curves are usually expressed by a Ramberg-Osgood type relationship (Eq.

(15))

Ae _ Ag, N Ag, _ Ao N <Ag)1/nl (15)
2 2 2 2E 2K’
Where,

n' is cyclic strain hardening exponent, which is the slope of Ig o, =1gAe, /2 plot.

K' is cyclic strength coefficient, which is the stress intercept at &, = 1 onlg g, —IgAe,/2 plot.

(2) Strain-Fatigue life relationship

Results of low cycle fatigue tests are often used to express the functional cyclic stress-strain
relationship and the strain-life relationship of a material. The total strain amplitude is expressed in

terms of the elastic strain amplitude and the plastic strain amplitude components (Eq. (16)).
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p_ A0 p 16
2 2 + 2 2E+ 2 (16)

Based on the Basquin formula,

A
70 = 6, = o, (2N;)" a7

Based on the Coffin-Manson formula,
Aep/2 = ep(2N;) (18)

Upon combining the Eq. (16) with Eq. (17) and Eq. (18), the strain-life relationship can be given
in Eq. (19).

Ae As, Ae, Ao Ao\ op b ¢
2 =72 +T:ﬁ+<21<') =5 (@Np) + e (2y) @)

After analyzing all the equations, the parameters obtained can be shown in Table 4.3.

Table 4.3 Parameters obtained from low cycle fatigue tests

Low Cycle fatigue parameters Value
Cyclic yield strength, 0,,", MPa 331
Cyclic strain hardening exponent, n' 0.16
Cyclic strength coefficient, K', MPa 951
Fatigue strength coefficient, o', MPa 855
Fatigue strength exponent, b -0.13
Fatigue ductility coefficient, & 0.18
Fatigue ductility exponent, ¢ -0.71
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Fig. 4.21 shows the comparison of monotonic and cyclic stress-strain curve. The cyclic stress-
strain curve is under monotonic stress-strain curve, indicating cyclic softening, which is in

accordance with what is discussed in earlier sections.
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Fig. 4.21 The comparison of monotonic and cyclic stress-strain curve
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5. Calculation Model for Young’s Modulus

Young’s modulus, also known as the elastic modulus, is one of the most important parameters to
evaluate the mechanical properties of solid materials. Young’s modulus is defined as the slope of
the elastic deformation region in the stress—strain curve. It demonstrates the resistance of the

material to elastic deformation, and is usually used to evaluate the stiffness of the material.

Young’s modulus of the composite is improved due to the addition of CNT in aluminum matrix.
The Young’s modulus for typical aluminum alloy is 70 GPa. The average value of the experimental
results is 88.6 GPa obtained by the fatigue testing system. In terms of aluminum matrix composite
with 2 wt.% content of CNT, the Young’s moduli are respectively reported as 85.85 GPa, 85.67
GPa and 86 GPa by George et al. [39], Girisha et al. [52] and Liu et al. [53]. All the values are

close to the measured experimental value.

Various models have been proposed to calculate the Young’s modulus of composite and they have
been also applied to CNT reinforced composites. Several of the most commonly used models are
discussed, and the calculated values by using different models will be compared with the

experimental values.

5.1 Rule of Mixture (Combined Voigt — Reuss Model)

The rule of mixture is used to predict Young’s modulus and tensile strength of the composites
reinforced with fibers. It is usually considered valid only for continuous and unidirectional fibers.
It contains two models, the Voigt model for axial loading (Eq. (20)) and the Reuss model for
transverse loading (Eq. (21) and Eq. (22)). Considering the CNT was randomly aligned in CNT/

Al composites, so the combined equation is given as Eq. (23):

E, =EV; + En(1-V}) (20)
1V Wy
5= E—f+a (21)
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(22)

3 5
Ec = gE +5Er (23)

5.2 Cox Model

One of the earliest analytical models to explain the reinforcing effect of short fibers on the strength
and modulus of composite materials was described by Cox in 1952 [91]. The work of Cox is now
commonly referred to as shear lag theory in the literature, and the equation for Young’s modulus
is usually described as Cox’s model. However, in Cox’s paper, the equation was not directly given.
The model has been developed by various researchers. By comparing different equations from
literature [24]Error! Reference source not found.[39][92], one equation was summarized by the a

uthor, shown as below:

Bl
tanh7
Ec = Efo 1- T + Em(l - Vf) (24)
2
1 2E,
B=7 j B+ v In(1/Vp) (25)

The Cox model is intended to be used for short fibers reinforced composite. It is valid only for
unidirectional fibers, but not for randomly aligned fibers. Only the Young’s modulus from

longitudinal direction Er could be obtained without the value of Er.

5.3 Halpin — Tsai Equations

Another commonly used model is Halpin-Tsai equations. It works very well for short whisker
reinforced composites, and has been found to closely predict mechanical properties of CNT

reinforced metal matrix composites with small CNT content.
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In Halpin-Tsai equations, E¢ can be expressed by two different equations of E;, (Eq. (26), Eq. (27)
and Eq. (28)) and Et (Eq. (29) and Eq. (30)).

EL =Em (1 +&nV)/(1 —nLVp) (26)
Where,
g =21/d 27)
and
N = % (28)
Er = En (1+&mrVe)/(1 —n7Vp) (29)
Where,
§r =2
and
_ (E¢/Em) —1 30)

= Ee/Em) + &

Finally, the same equation to calculate the Young’s modulus of the composite is applied as the one

used in rule of mixture (Eq. (31)):

3 5
EC :§EL +§ET (31)

5.4 Calculation and Discussion

The dimensions of as-received CNTs have an outer diameter of 20 nm and a length of 5 um. During

the fabrication process, the CNT shortened due to strong shear strain in the FSP stage. It is

51



reasonable to use 1 um as the length of shortened CNT [55][93][94]. The calculated values and

experimental values are shown in Table 5.1.

Table 5.1 Comparison of calculated values of Young’s moduli

Halpin-Tsai

Bt ooy Cgobl Hantei AT s
/ GPa /GPa cNTy/GPa  /GPa é?\lhT")“/egi,da / GPa
B 1219 1202 113.5 119.5 111.9 —
Er 721 — — 75.8 75.8 —
E. 908 120.2 113.5 922 89.3 88.6

From the calculated results, it can be seen that the results of the Young’s modulus from
longitudinal orientation were similar by using all these three models, but all of them were larger
than the experimental value. When the value for random orientations were calculated, the rule of
mixture and Halpin-Tsai equation showed a good agreement with the experimental value. When
the shortened CNT dimensions were used in the calculation, the calculated value and experimental

value were even closer.

The rule of mixture is commonly considered valid only for continuous fiber reinforced composites.
However, it can be noticed that in our case, although the carbon nanotubes are not continuous
fibers, the rule of mixture still works well. This may be explained from two aspects. On one hand,
the carbon nanotubes are randomly aligned in the aluminum matrix, which makes the values
combined from two different orientations closer to the actual value; on the other hand, the Young’s
modulus of carbon nanotube is much higher than of aluminum, making the influence of carbon

nanotube more dominant.

The Cox model showed good agreement on the Young’s modulus in the longitudinal direction in
our case. The main problem for the Cox model is that it can be only used for unidirectional fibers,

and there is no way to calculate the Young’s modulus in the transverse direction.
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6. Summary and Future Work

6.1 Summary

Aluminum alloys are widely used in various industrial fields such as automotive and aerospace,
thanks to their low density, good mechanical properties and excellent corrosion resistance. In order
to further improve their strength, carbon nanotube reinforced aluminum matrix composite has been
developed and studied recently. Carbon nanotube is a nano-sized tube-shaped carbon with

remarkable mechanical properties such as extremely high Young’s modulus and tensile strength.

This investigation mainly studied the microstructure, mechanical properties and fatigue properties
of 2 wt.% CNT/ 6061 Al composite. 6061 is one of the most commonly used wrought aluminum
alloys with good mechanical properties and heat-treatability. The composite is fabricated by
powder metallurgy and friction stir processing, followed by heat treatment to get a T6 temper

condition.

The addition of carbon nanotubes greatly improves the strength of aluminum 6061 alloy. Both the
yield strength and tensile strength are much higher than the base alloy, but the ductility is lower.
The Young’s modulus is 88.6 GPa based on the experimental value, larger than the 70 GPa value
of typical aluminum alloy. The enhancement of strength is due to four strengthening mechanisms
working simultaneously, namely load transfer, thermal mismatch, Orowan looping and grain
refinement strengthening. It is widely reported that the maximum strength is obtained with the

addition of 2 wt.% content of CNT.

Two phases are identified by XRD tests, including aluminum and AlsCs. The AlsCs phase is a
needle-shaped carbide with the similar dimension compared to CNT, and it is generated due to the
chemical reaction between CNT and aluminum matrix. Al4Cs is effective for the load transfer and
interfacial boding enhancement. The absence of the second phase Mg,Si is caused by the

fabrication process and its absence makes the effect of heat treatment insignificant.

Two unusual phenomena are found from the stress-strain curve of the tension tests. The non-linear

elastic behavior is caused by the domination of the non-linear elastic behavior of CNT, while the
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yield phenomenon is mainly attributed to the CNT bridging manner in aluminum matrix. Both of

the phenomena are believed related to the fabrication method.

The cyclic softening of the composite can be seen in the low cycle fatigue tests.

Two mathematical models are discussed to predict the yield strength and to calculate the Young’s
modulus.

Three models have been developed to predict the yield strength of the composite, including
arithmetic summation method, compounding method and modified Clyne model. After analyzing
and comparing each model, the author put forward a model based on the format of modified Clyne

model.

Three main models are used to calculate the Young’s modulus of the composite, including rule of
mixture, Cox model and Halpin-Tsai equation. By comparing the values calculated by three

models and the experimental value, both rule of mixture and Halpin-Tsai showed a good agreement.

6.2 Contributions

The contributions of the current research include:

(1) For the first time analyze the reason and the effect of the absence of Mg>Si phase in the CNT

reinforced aluminum matrix composite.

(2) For the first time point out and analyze the reasons of the non-linear elastic deformation and

yield phenomenon in the stress-strain curve of tension test for the composite.

(3) Compare and analyze the prediction models for yield strength and put forward a model

based on the strengthening mechanisms.

(4) Compare the calculation models for Young’s modulus and verified their accuracy by

comparing the calculated values with experimental values.
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6.3 Future Work

This study could be extended in experimental directions to obtain deeper understanding about the
effect of the addition of CNT in aluminum alloy and FSP fabrication methods. Two more groups
of materials can be used to make some comparisons, including the 6061 aluminum alloy without
the addition of CNT made by FSP and the extruded 6061 aluminum alloy. By comparing the
materials made by FSP with or without the addition of CNT, the effect of the addition of CNT
could be further studied and understood. By comparing the aluminum alloys made by FSP and

extrusion, the effect of FSP will be known better.

More theoretical research could be conducted to validate the prediction model for yield strength
by doing detailed calculation for each of the factors. The contributions of each factor in
strengthening mechanisms should be evaluated and the model that the author put forward could be

verified.
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