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Abstract

This thesis focuses on fabrication of aluminum matrix composites using
friction stir processing. Al 5059 alloy was selected as the matrix alloy, and the
effect of processing parameters on microstructure and mechanical properties of
this alloy was studied in detail.

Friction stir processing was conducted using three different tools with
different rotation speeds. Microstructural characterization was carried out by
optical microscopy, SEM and TEM. It was shown that fine grains form in the stir
zone as a result of dynamic recrystallization and these fine grains do not grow
during the cooling cycle because of the effect of magnesium on reducing grain
boundary mobility. TEM analysis also showed that the microstructure contained
Alg(Mn,Fe) particles with two different morphologies. It was confirmed that
refinement of these particles can more effectively pin the grain boundaries and
suppress grain growth.

Grain size measurement was performed on the samples to investigate the
effect of process parameters on recrystallization and grain growth in the stir zone.
Mechanical properties were also obtained by microhardness and tensile tests. A
tool with 3 flats in combination with a rotation speed of 454 RPM provides
slightly higher grain refinement and subsequent mechanical properties. It is shown
that friction stir processing reduces the fraction of elongated precipitates that form
on the grain boundaries of the base material, and this resulted in approximately a

10% improvement in elongation to failure in friction stir processed Al 5059



samples. Particle fragmentation also appeared to increase the rate of work
hardening, which also likely contributed to enhanced ductility.

A multi-pass multi-tool FSP technique using different processing
parameters was proposed for fabrication of Al 5059/A1,03 and Al 5059/CNT
composites. A uniform distribution of reinforcing particles was achieved in both
cases with a uniform hardness profile through the stir zone. The microhardness of
the composites was significantly higher than the original aluminum alloy.
However, it was noted that the thermo-mechanical cycles during processing of the

Al/CNT composites have destroyed the tubular structure of the CNTs.
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Chapter 1: Introduction



1.1 Overview

1.1.1 Friction Stir Processing

Friction stir processing (FSP) is a solid state material processing technique
based on the principles of friction stir welding (FSW) developed by The Welding
Institute in 1991 [1]. In FSW a rotating tool with a specially designed pin and
shoulder moves along the weld seam; the high rotating speed of the tool along
with the frictional forces between the work piece and the shoulder promote
joining by frictional heating, softening and severe plastic deformation. The
process is shown schematically in Figure 1-1. Severe plastic deformation and
stirring action imposed by the tool during the process has created many interesting
applications for friction stir processing [2], examples are microstructural
modification and homogenization of cast alloys and powder metallurgy fabricated
parts [3-9] and production and homogenization of metal matrix composites [10-

18].

Friction Stir~

Figure 1-1: Principles of friction stir welding [17].

Although FSP is a novel processing method, it has found remarkable

applications in different industries due to its significant advantages in comparison



to other metalworking techniques. These advantages include: 1) few processing
steps with relatively simple equipment, 2) good control of material properties by
optimizing the process parameters (such as tool geometry, rotation speed, traverse
speed, downward force, cooling rate), 3) controlled selective modification of
microstructure, and 4) good environmental friendliness and energy efficiency.
Friction stir processing (FSP) is a severe plastic deformation process that
involves high strain rate deformation and no bulk melting; therefore it can be
utilized for microstructural modification of parts fabricated via different methods
such as powder metallurgy and casting. For example, Oh-Ishi and McNelly have
shown that FSP of as-cast NiAl bronze results in refinement and homogenization
of the microstructure as well as closure of porosities [8]. Santella et al. friction stir
processed sand-cast ingots of A356 and A319 aluminum alloys with a simple
cylindrical tool at 1000 RPM and 1.7 mm/s. They have indicated that after 5 or 6
FSP passes the shape and distribution of the intermetallic phases became uniform,
and the porosity and dendritic microstructures were eliminated, see Figure 1-2.
This leads to a significant increase in hardness, tensile strength, elongation and
fatigue life of the samples. For example the microhardness of the A319 sample
was increased from an average of 709 MPa in the as-cast condition to an average
of 802 MPa after FSP [19]. Other researchers have also applied FSP to different
aluminum, magnesium and titanium cast alloys in order to achieve a homogenized
microstructure with refined grains and improved mechanical properties [3-5, 9,

20-25].



FSP 319112 .

Figure 1-2: Microstructure of sand-cast A319 a) before FSP and b) after FSP [19].

Friction stir processing has also been utilized as a secondary process for
homogenization of composites produced by other techniques. For example,
Morisada et al. have thermally sprayed a layer of WC-CrC-Ni on a SKD61 steel
substrate and then modified the composite overlay by FSP. Their results show that
FSP eliminates the defects in the WC-CrC-Ni layer and refines the Ni binder and
the Cr;C, particles. The microhardness of the layer increased from 1200 HV, in
the as-sprayed state, to 2000 HV after one FSP pass [14]. Zahmatkesh and Enayati
produced a layer of Al/10% Al,O3; on Al 2024 substrate by using air plasma spray
and then applied FSP to improve the distribution of alumina particles [26]. They
achieved a surface composite layer of 600 um thickness with this method. In a
recent study, Hodder ef al. applied FSP to a surface composite layer of AI/ALO;
which was produced by cold gas dynamic spraying at low pressure. The
redistribution of particles imposed by FSP significantly improved the mechanical
properties [13].

During FSP the rotation of the tool mixes the material in the stir zone and
this feature has been used for composite fabrication by many researchers [18].

Production of defect free bulk and surface composites with a good distribution of



the reinforcing material has been reported for different MMCs such as aluminum
matrix composites (Al/SiC [27-36], AI/AL,O3 [37-39], AI/NiTi[40], A/CNT[41-
45], Al/Fullerene[46], Al/Ni[47], Al/TiO,[48], Al/TiC and B4C [49]), magnesium
matrix composites (AZ31/nano ZrO, and nano SiO,[50], AZ61/ SiO;[16],
AZ31/SiC[51], AZ31/CNT[15], AZ31/Ce [52], AZ31/A1,05 [53], AZ63/SiC [54],
AZ91/SiC and MoS; [55, 56], AZ91/Al,05 [57], AZ91/Si0, [58], AZ91/carbon
fiber [59]), copper matrix composites (Cu/SiC [60, 61], Cu/CNT [62]) and steel
matrix composites (L316/SiC [63], mild steel/nano TiC [64]). Generally the
process involves the incorporation of the reinforcement into the matrix and then
applying FSP to mix the two. Some amount of secondary particles is inserted in a
groove or holes on the surface of the base plate along the path of the tool travel.
When the stirring tool passes through this material it effectively mixes the
reinforcement with the matrix. However the main issue of this method is how to
prevent loss of the inserted particles during the process. The most widely used
solution is to perform one FSP pass on the groove with a cylindrical tool having
no pin after inserting the particles and before starting the actual FSP with the
ordinary tool [33, 35, 37, 53]. Lim ef al. and Mahmoud et al. [41, 65] have
covered the groove with a thin plate and then applied FSP on this plate along the
groove, so there would be no material loss, however making a bond between the
original plate and the “cover plate” remains an issue and needs special tool design
and careful control of other process parameters. Some other researchers [66-69]
have used a more complicated procedure; they have first prepared a powder

preform using conventional powder metallurgy and then inserted it into the



groove. This method seems to be applicable for in situ composites [67-69], or in
composites where the reinforcement is not a ceramic particle or nanosized
material [66], since compacting such materials involves special equipment and
high pressures.

One should also note that uncontrolled loss of reinforcement also
introduces another problem in which one may not have control over the amount of
the reinforcement. This makes it impossible to achieve a target percentage of the
secondary material during the fabrication procedure.

Another major issue of friction stir welding/processing of composite
materials is tool wear [64, 65, 70, 71], which happens as a result of contact
between the hard particles and the tool in conjunction with the high stresses
induced during FSP. Prado et al. have indicated extensive tool wear when friction
stir welding Al 6061/ 20 vol% Al,O3 with tool made up of carbon steel [71], see
Figure 1-3. Considerable tool wear is also reported for a tool made up of hard

WC-Co alloy during FSW of Al-Si reinforced with 30 vol% of SiC [70].



Figure 1-3: Tool wear during FSW of Al 6061 reinforced with b) 20 and ¢) 0, vol% of Al,Os.

Linear distances traveled by the tool are indicated, all welds were performed at 1000 rpm [71].

1.1.2 Heat generation during Friction Stir Welding/Friction Stir Processing
and temperature profile

During FSW/FSP heat is generated by three mechanisms: friction, plastic
deformation and viscous dissipation and as the temperature increases to near the
melting point of the work piece material amount of heat generated due to friction
and plastic deformation decreases and viscous dissipation would be the dominant
mechanism [72].

The friction between the rotating tool and the work piece is the source of
frictional heating and is directly proportional to rotation speed and radius of the
tool [73]. The rate of heat generated at the contact interface between two sliding

surfaces (here tool and work piece surface), Py, is given by:

7



Pr=nFyV; (L1)

Where 7 is the coefficient of kinetic friction defined by the ratio of frictional force
to normal force, Fiy is the normal force and Vx is the sliding velocity of the
surfaces [72]. Factors affecting frictional heating during FSW/FSP are: tool
geometry, material properties of the work piece, tool rotation and travel speeds,
tool tilt angle (the angle between the spindle of the machine and the normal of the
work piece surface) and plunging force [72].

When a material is subjected to mechanical work, as in FSW/FSP, a minor
fraction of the energy induced by plastic deformation will be stored in the form of
increased defect density (such as dislocations and grain boundaries) and increased
surface area of sheared (cut) precipitates within the mechanically affected zone,
however the vast majority of energy (around 95%) will heat the work piece [74,
75]. Under adiabatic conditions the amount of heat generated by mechanical

deformation, Ep, can be expressed as:

Ep =,6’jade (1.2)

where o is the von Mises flow stress during deformation, ¢ is the von Mises
equivalent strain, and g is the fraction of mechanical work converted to heat. In
the case of equation (1.2) Ep changes with strain, strain rate and temperature
during deformation so as the temperature approaches the solidus temperature of

the alloy, material softening reduces the amount of produced energy [72].



However these all in turn depend on work piece material’s properties and welding
parameters.

After some frictional heating and severe plastic deformation, the material
around the tool experiences sticking to the tool rather than sliding. Under such
conditions viscous dissipation driven by high shear stresses at the tool/work piece
interface, will act as another important heat source [76]. In other words, viscous
dissipation shows the amount of mechanical work converted irreversibly into heat
by viscous effects within a fluid [77]. The rate of energy generated due to viscous
dissipation, P,, can be expressed by the following equation which is simplified

from [72]:

p—uls (au)z N <6V)2 N (OW)Z N <6V+ c’iu)2 N (6W+ au)z N (6w+ 6u)2 2 (au N v N OW)Z
vH 0x dy 0z ox 0y 0x 0z dy  9z) 3\ox  dy oz

(1.3)

where u, v, w, are the velocities in directions x, y, z, respectively, and p is the

kinematic viscosity of the fluid given by:

T
u= E (1.4)

where 7 is shear stress and € is the strain rate [72].

Temperature profile dictated by these three heating mechanisms affects
microstructure and mechanical properties of the FSW/FSP material, so it is of
significant interest to understand the temperature change during FSW/FSP. Many

studies have been done regarding this for different materials, for example Figure



1-4 shows temperature profile of friction stir welded Ti-6Al-4V alloy [74]. As
shown in Figure 1-4, areas around the tool and near the surface experience the

maximum temperature.
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Figure 1-4: Temperature profile for a Ti-6Al-4V alloy friction stir weld, a) xz plane, b) yz plane,
and c) z plane i.e. top surface. Rotation speed was 275 rpm and travel speed was 1.6 mm/s[74].
1.1.3 Material Flow and Mixing during Friction Stir Welding/Friction Stir

Processing

Formation of a defect free weld directly depends on the material flow
during FSW. On the other hand in FSP, material flow determines the development
of microstructural features and in the special case of composite fabrication by FSP
material flow in the stir zone governs the particle distribution. Thus, studying the

material flow has been approached by many different methods in recent years,

10



using various techniques such as tracking of tracer particles post-welding by
microscopy [78, 79], microstructural analysis of dissimilar alloy joints [80, 81],
in-situ observation using x-ray transmission systems [82], simulation by
numerical modeling [83-86], and using analog materials like coloured plasticine
[87]. This aspect is not completely understood yet and remains the subject of
many papers [88, 89]. Generally speaking, three types of flow transport the
deformed material during FSW/FSP [74]: 1) tool rotation and the friction between
the tool and the work piece material, heat and stir the softened material near the
tool, 2) a downward material flow in the region close to the tool created when
using a threaded pin which in turn causes an upward motion at the outer periphery
of the mixing region of the stir zone; and 3) material flow along the welding
direction as a result of travelling movement of the rotating tool. It is shown that
majority of the material flow, caused by these three types, happens through the
retreating side [74].

When considering FSP for fabrication of composites this mixing must be
considered in order to control the distribution of material. First, stirring around the
pin of the tool creates a rotating and mixing zone, the thickness of which depends
on materials properties, welding parameters and rate of heat transfer to the tool
[74]. Second, as mentioned before, use of a threaded pin induces mixing which
helps particle distribution in both vertical and longitudinal directions during
composite fabrication by FSP. Generally, the amount of mixing increases when
applying higher rotation speeds or lower travel speeds [90]. Su et al. [91] have

shown that by using a threaded tool, intermixing happens during friction stir

11



welding of dissimilar Al alloys, when the material from the locations beneath the
shoulder and at the end of the pin is transferred to the top of the thread on the pin
and is moved downward by the pin thread. This process happens during each
single rotation of the tool and forms intermingled lamella which is then
discharged from the bottom of the thread and moves outwards and upwards
following a helical vertical rotational flow path, Figure 1-5.

Gerlich et al. [92] have indicated that the width of this intermixed region
increases with the dwell time in friction stir spot welding which implies larger
intermixed regions may be achieved in friction stir seam welding by decreasing

the travel speed.

Figure 1-5: Intermixed region formed during Al 5754/A1 6111 friction stir spot welding, showing
intermingled lamellae [92].
1.1.4 Microstructure
Typical cross section of a FSW joint has three different zones: 1) heat
affected zone (HAZ), 2) nugget or stir zone and 3) thermomechanically affected

zone (TMAZ) which is the region between HAZ and nugget, Figure 1-6. The stir

12



zone is the central region of the weld where dynamic recrystallization occurs as a
result of high temperature and severe plastic deformation, leading to the formation
of fine equiaxed grains, Figure 1-6-d. In FSW/FSP, tool geometry, composition
and temperature of the work piece material, vertical pressure, cooling rate and
process parameters significantly influence grain size in the nugget zone [74].
Table 1-1 shows grain size values for some FSW/FSP aluminum alloys.
Microstructures of the material in this region usually contain a banded structure
consisting of the so called “onion rings”, Figure 1-6. The spacing between these
bands equals the distance the tool moves forward during each single rotation [93,
94]. Such microstructure is attributed to variations in: 1) grain size [95], 2)
particles or precipitates distribution [93, 95], 3) crystallographic texture [96], 4)
dislocation density [90], and 5) chemistry due to intermixing of dissimilar alloys
[97]. Krishnan [94] has shown that these variations are caused when the frictional
heating heats the material and the forward movement of the tool extrudes the
material around to the retreating side which leads to the formation of the bands
during tool rotation.

In the TMAZ, grains are heated and plastically deformed but not
completely recrystallized; therefore they are not as fine and equiaxed as stir zone
grains. Finally, HAZ is only affected by temperature and not by mechanical work
so the main change in HAZ microstructure is the coarsening of the grains or

precipitates [72].
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Figure 1-6: Optical micrographs of microstructure of an Al 2014 friction stir weld showing

different regions: a) weld overview, b) heat affected zone, c) TMAZ/stir zone boundary, and d) stir

zone [72].

Table 1-1: Summary of grain size in nugget zone of FSW/FSP aluminum alloys [2].

Material Plate Tool Rotation Traverse Grain
thickness geometry rate speed size
(mm) (rpm) (mm/min) (pm)
T075A1-T6 6.35 - - 127 2-4
6061A1-T6 6.3 Cylindrical 300-1000 90-150 10
Al-Li-Cu 7.6 - - - 9
T075A1-T651 6.35 Threaded, cylindrical 350, 400 102, 152 38,75
6063A1-T4, TS 40 - 360 800-2450 5.9-17.8:
6013A1-T4, T6 4.0 - 1400 400-450 10-15
1100Al 6.0 Cylindrical 400 60 4
5054Al 6.0 - - - 6
1080A1-0 40 - - - 20
5083A1-0 6.0 - - - 4
2017A1-T6 3 Threaded, cylindrical 1250 60 9-10
2095A1 1.6 - 1000 126-252 1.6
Al-Cu-Mg-Ag-T6 40 - 850 75 5
2024A1-T351 6.0 - - 80 2-3
7010A1-T7651 6.35 - 180, 450 95 1.7, 6
TOS0AL-T651 6.35 - 350 15 1-4
Al-4Mg-1Zr 10 Threaded, cylindrical 350 102 1.5
2024Al 6.35 Threaded, cylindrical 200-300 254 2.0-3.9
7475Al 6.35 - - - 2.2
5083Al 6.35 Threaded, cylindrical 400 254 6.0
2519A1-T87 254 - 275 101.6 2-12
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In the case of aluminum alloys, it is also important to study the behaviour
of precipitates in the microstructure during any process. Survivability of
strengthening precipitates highly depends on temperature changes. However they
may survive the process but lose their effectiveness or even deteriorate
mechanical properties if they become coarsened. It has been shown that maximum
temperature of the stir zone during FSW/FSP may reach as high as 0.9 Ty, for
several aluminum alloys [72] which is high enough to dissolve precipitates or
cause coarsening at the outer region of the stir zone. The dissolution rate of a
plate-like particle with half thickness of B may be approximated by the following

equation [72]:

4B _ _GizCm D5
dt Cp—Ci Tt

where, ¢ is time, Ciis the concentration at the dissolving interface, Cm is the
concentration of solute in the matrix, Cpis the concentration of the particle, and D
is the diffusion rate of the element controlling dissolution of the particle. It is also
suggested that beside the effect of temperature, severe plastic deformation
induced during FSW/FSP may enhance precipitate evolution by accelerated
diffusion rates and shortened diffusion distances [2]. However other than
dissolution, coarsening of the strengthening precipitates will also affect the
mechanical properties of the work piece. During coarsening particles below a

critical radius will dissolve increasing the solute content of the matrix which in
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turn allows other precipitates to grow. This critical radius, 7., is given by the

Gibbs-Thompson relation [72]:

where y is the particle-matrix interfacial energy, V,, is the molar volume of the
precipitates, R is the universal gas constant, 7 is temperature, and C, is the
equilibrium solute content at the particle-matrix interface. It should be considered
that aging behavior and precipitate evolution in aluminum matrix composites are
different than in aluminum alloys, and it is stated that reinforced materials age
more rapidly [98]. Effects of secondary ceramic particles on age hardening of
aluminum alloys include: 1) enhanced nucleation of semi coherent precipitates on
dislocations generated due to the mismatch in coefficient of thermal expansion of
matrix and reinforcement, 2) higher diffusivity of the matrix due to the increase in
dislocation density and number of grain boundaries, 3) decrease in the number of
vacancies (as a result of increase in the number of vacancy sinks) which reduces
diffusivity of the matrix and limits formation of GP zones, and 4) internal residual
stress fields which affect precipitation of high coherency strain precipitates [98].
According to well defined experimental and theoretical models, the
strength of the matrix alloy increases linearly with the size of fine shearable
precipitates up to the peak aged condition [99]. Beyond this point, particles are no
more shearable and the mechanism of interaction between particles and

dislocations changes from shearing to the formation of so-called Orowan loops
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[100] through which the alloy strength decreases by increasing the precipitates
size. Therefore precipitation coarsening during FSW/FSP of heat treated peak
aged alloys can lead to a remarkable decrease in mechanical properties in the
matrix. For example Marzoli ef al. have reported dissolution of precipitates during
FSW of AA6061/A1,03 composite which lead to a hardness drop in the stir zone
[101]. In the literature precipitate dissolution, coarsening and reprecipitation have
been reported in different regions during FSW/FSP of a variety of aluminum
alloys [17, 74, 90]. Fragmentation assisted dissolution of particles has been
observed as well [102]. Regarding the dissolution and coarsening of the
strengthening precipitates, one of the advantages of adding ceramic
reinforcements to aluminum matrixes is that they are thermally stable and can

maintain their strengthening contribution at elevated temperatures.

1.1.5 Mechanical Properties of Metal Matrix Composite

Metal matrix composites indicate significantly improved mechanical
properties over monolithic materials. Among MMCs reinforced with different
kinds of reinforcements particulate reinforced MMCs are more attractive due to
their simple fabrication methods, isotropic properties and cost effectiveness [103].
Generally incorporation of reinforcing particles to a metal matrix improves strain
hardening, Young’s modulus, hardness, yield strength and ultimate tensile
strength but reduces the ductility. Table 1-2 shows mechanical properties of

different aluminum matrix composites.
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Table 1-2: Mechanical properties of aluminum matrix composites [104].

Matrix Reinforcement, Yield strength Tensile strength Elongation (%)
content (vol.%) R. (MPa) Ry, (MPa)

Al - 64 90 21
Al Sic, 20 117 200 10
2014-T6 - 429 476 15
2014-T6 Sic, 10 457 508 1.8
2014-T6 ALO;, 20 495 515 1.2
6061-T6 - 275 290 18
6061-T6 Sic, 15 290 340 55
6061-T6 Sic, 20 345 410 4.9
6061-T6 Sic, 30 380 435 1.8
6061-T6 ALOs, 20 307 349 5.3
7091-T6 - 520 590 10.2
7091-T6 Sic, 20 500 560 1.8

It has been shown that two types of strengthening mechanism may occur
in particle reinforced metal matrix composites: direct and indirect. Direct
strengthening happens as a result of load transfer from the matrix to the
reinforcing particles and indirect strengthening happens due to the effects of the
particles on the microstructure and deformation behaviour of the matrix [105].
Increase in yield strength and work hardening directly partly relates to load
transfer strengthening processes [98] whereas increased density of dislocations
and hindering of dislocation movements caused by particles is mainly responsible
for the enhanced hardness and also yield and ultimate tensile strengths as an
indirect mechanism [81]. The coefficient of thermal expansion (CTE) mismatch
between the metal matrix and ceramic particles induces stresses at the
matrix/particle interface during thermal cycles, which can lead to localized plastic
deformation or microplasticity and increased number of dislocations [98, 105]. On
the other hand, under tensile or compressive forces, mismatch in elastic modulus

between the matrix and the particles also plays an important role in creating
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microplasticity and increasing dislocation density [105]. Such microplasticity is
known to be an important cause for yield strength improvement [98].

Decohesion at matrix/reinforcement interface and particle fracture often
initiate premature failure during deformation of composites. Interface decohesion
has been shown to happen more in very soft matrixes such as pure aluminum or at
elevated temperatures, but at temperatures around room temperature composite
failure usually occurs as a result of particle fracture [106]. Under loading when
the matrix starts to deform plastically followed by work hardening, the load
carried out by the particles will gradually increase. After a while this increase in
load will lead to particle fracture. When a single particle fails, the load relaxed by
its fracture will introduce plastic deformation to the matrix until the matrix
reaches its maximum strain hardening capacity. Then the relaxed load will be
transferred to the neighbouring particles where it causes more reinforcements to
fail. Finally the composite will fail following a ductile fracture mechanism by
void nucleation and coalescence happening in the matrix. It should be noted that
fractured particles are good source of void nucleation and growth as well [106,
107]. Considering particles dimensions, large particles are more likely to contain a
critical sized flaw so they are more prone to fracture; probably this is why
composites with finer particles often show better ductility [105-107]. But by
utilizing fine particles the total interfacial area increases so interfacial decohesion
is more probable to happen. Therefore high stresses are needed to fracture the

particles or cause interfacial decohesion, and also it is harder for the damage to
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accumulate so the composite will exhibit better ductility [107]. Figure 1-7 shows
the effect of particle size on ductility of some aluminum matrix composites.
Particle distribution also significantly affects ductility of a composite.
Figure 1-8 shows the ductility of A356/SiC composite as a function of extrusion
ratio, considering that higher extrusion ratios produce a composite with better
particle distribution. Non-uniform distribution of reinforcements accelerates
damage accumulation and hence decreases ductility [98]. It will be discussed later
that experimental results show FSP is really successful in producing a composite

with very uniform dispersion of the reinforcement.
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Figure 1-7: Effect of SiC particle size on ductility of different aluminum matrixes [98].
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Figure 1-8: Effect of extrusion ratio (particle distribution) on ductility of A356 aluminum alloy

reinforced with 15%vol SiC particles [98].

1.2 Effect of Friction Stir Processing Parameters on Metal Matrix

Composites Properties

1.2.1 Microstructure

The microstructure of FSW/FSP composites generally shows the same
three regions as ordinary FSW/FSP joints, but HAZ is usually very small and
limited. This occurs because the existence of ceramic particles increases the
thermal stability of the metal matrix. Of course it depends on the properties and
volume percentage of the reinforcement [108]. Marzoli et al. have attributed the
lower heat input sensitivity of MMCs to the limited flow of the plasticized
material caused by the secondary particles which may postpone the
recrystallization too [101]. FSP distributes reinforcing particles only to the extent

of the stir zone which is slightly larger than the tool. Mahmoud ef a/. have shown
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that nugget size increases with rotation speed and tool size as a result of more heat
generation and plastic deformation. They have also reported that although the tool
profile affects the particles distribution but it has no significant effect on the size
of the stir zone [65].

As discussed before, dynamic recrystallization during FSW/FSP generates
fine and equiaxed grains in the stir zone. However the final grain size strongly
depends on process parameters. Finer grains may be achieved by decreasing
rotation speed, which confines grain growth, or by increasing the degree of
deformation which promotes recrystallization [2]. Secondary particles also play
an important role on the size of the recrystallized grains in friction stir processed
MMCs. According to the literature they can improve grain refinement by: 1) grain
boundary pinning [37, 51, 55, 65, 109] 2) increasing the induced strain and
dislocation density [27, 51, 55, 98, 107, 109, 110], and 3) acting as nucleation
sites [37, 55, 110-112]. Grain boundary pinning and particle assisted nucleation
highly depend on particle properties, for example large particles may not restrict
grain boundary migration or enhance grain nucleation. But all secondary particles
increase induced strain by creating stress concentration centers and confining
dislocation movement. These factors effectively improve grain refinement, for
example Morisada ef al. have measured the grain size of friction stir processed
AZ31 magnesium alloy and reported the grain size of 6 um and 12.9 pm for AZ31
with and without SiC particles respectively [51]. Shafiei er al. have produced

Al/Al,O3 nanocomposite by FSP with the matrix having some grains less than 300
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nm in size [37] which is much finer than friction stir welded/processed
unreinforced aluminum which typically achieves grain sizes >1 um.

As mentioned before the microstructure of the stir zone contains a
banded structure in conventional monolithic friction stir welded parts, several
papers [12, 46, 110, 113] have also reported formation of such structure in
different friction stir welded/processed composites. However these bands are not
necessarily formed by segregation of reinforcing particles to the bands. For
example, Feng et al. have explained that reinforcing particles are not segregated
along the bands of onion rings suggesting that the shear stress had not been large

enough to drive the reinforcing particles to segregate [110].

1.2.2 Particle size and distribution

Shear stresses caused by tool rotation during FSW/FSP may change shape
and size of the particles. Particle fracture and refinement have been reported
extensively [12, 27, 65, 67, 114-116]. Mahmoud et al. have investigated the
effects of tool shape on fabrication of Al/SiC composite via FSP and observed
more particle fracture when using square or triangle probe in comparison to
circular pin [65]. It is also shown that higher rotation speeds and lower travel
speeds promote particle fragmentation [115] which is probably due to the
resulting increase in shear stresses. Pirondi et al. have studied the shape factor of
AlL,Oj3 particles in aluminum matrix before and after friction stir welding and
indicated that erosion caused on the surface of the particles by tool rotation

increases particles roundness [114]. Tewari et al. have used advanced
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characterization techniques and proved particle rotation and reorientation after
FSP on extruded Al/SiC composite [30]. Fracture has also been reported for fiber
or tube (i.e. high aspect ratio) reinforcements [42, 48] following almost the same
behaviour mentioned above for particles.

FSP is known to be very successful in producing composites with good
uniform distribution of the secondary particles [17, 18, 110]. It is known that
process parameters may affect particle distribution in different ways; by applying
low axial force or low target depth particles will not distribute at all and with high
axial force or high target depth all the particles will be pushed away from the pin
surface so a moderate depth gives best distribution [27, 38]. It is shown that a
square probe tool is more effective in uniformly distributing SiC particles in an
aluminum matrix when compared to circular or triangle probe tools [65], similar
results have been also reported for Al/TiB, composites produced by FSP [117].
Azizieh et al. have stated best Al,O5 distribution in AZ31 matrix can be achieved
by using a tool having a circular threaded pin without flutes [53]. Increasing travel
speed may lead to lower heat input which could result in incomplete martial flow
needed for particle distribution [15], and so repeated FSP passes may be needed to
improve distribution by introducing more stirring and mixing [38, 50, 116]. Tool
rotation determines the stirring and mixing of the stir zone material [2] therefore
an increase in tool rotation speed causes more stirring and mixing which generally
results in better particle distribution [15, 53]. On the other hand low rotation
speeds results in limited heat generation and as the material flow is affected by the

heat input, complete mixing needed for uniform particle distribution will not
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occur. However Mahmoud ef al. have reported best particle distribution by
decreasing the rotation speed to as low as possible to achieve a defect-free nugget,
though no detailed explanation was provided [65, 116]. In a recent work Lim et
al. have indicated some agglomerations of the carbon nanotubes in aluminum
matrix [41] which might be due to the nano size or high aspect ratio of the

reinforcement or inadequate process parameters.

1.2.3 Hardness

For non-heat treatable aluminum alloys, where there is no precipitation
hardening usually the stir zone shows the maximum hardness because of: 1) grain
refinement caused by severe plastic deformation introduced during FSW/FSP [65,
69, 108, 118] and 2) decreased size and increased number of particles as a result
of particle fragmentation happened during FSW/FSP [65, 108, 118]. If these
alloys are processed in the work hardened condition there might be a hardness
decrease in the HAZ as a result of recovery of work hardening [116]. Figure 1-9
schematically shows the hardness response in friction stir welded/processed non
heat treatable aluminum alloys. For heat treatable aluminum alloys which are not
in the peak aged condition, the maximum hardness will also appear in the nugget
[12, 37] following the same reasons and also probably due to formation of
strengthening precipitates in the stir zone. But as discussed before in Section 1.1.4
for heat treatable aluminum alloys that are in peak aged condition, temperature
variations during FSW/FSP may lead to particle coarsening, dissolution and

reprecipitation.
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Figure 1-9: Schematic plots showing hardness profile in friction stir welded/processed non heat
treatable aluminum alloys, a) in the annealed condition and b) in the work hardened condition.

Modified from [90].

It is suggested that the general decrease is attributed to the effect of
thermal cycles on the precipitates in a way that they are coarsened in HAZ and
dissolved in the nugget [38, 41, 90]. Results for magnesium based composites
processed by FSP also show significant improvement in hardness which in

addition to the strengthening effect of the particles is related to the grain

refinement that occurs during FSP [16, 50, 52, 55].

1.2.4 Toughness

As shown in Figure 1-10, Amirizad ef al. have reported enhanced
elongation to failure in the stir zone of friction stir welded A356/SiC cast
composites. They have attributed this improvement to microstructure
modification, uniform distribution of SiC particles and elimination of the micro

porosity created during casting [108].

26



=
E - /ﬂ/rﬂ‘o
Z 150
e
: / %
) w N ——
: I
? 60 }y --SZ
=
30 -»-BM
0 T T T T T
0 2 4 6 8 10 12!
Engineering Strain %

Figure 1-10: Tensile properties of friction stir welded A36/15%volSiC [108].

Berbon et al. have friction stir processed an aluminum matrix composite
produced by powder metallurgy and extrusion. The ductility of the composite was
remarkably improved after FSP which is mainly due to microstructure
modification and effective improvement in particle distribution. Figure 1-11
shows microstructure of their samples in the as-extruded condition and after FSP.
It can be concluded from this Figure that FSP is really effective in eliminating
porosities and enhancing the particle distribution which lead to increased ductility

of the composite [11].

Figure 1-11: AI/AL;Ti composite microstructure, left as-extruded and right friction stir processed

[11].
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As explained in Section 1.5, the ductility of a composite depends on size,
shape and distribution of the particles as well as the microstructure and
mechanical properties of the matrix. Comparing FSP with other fabrication
methods for MMCs, this method has the potential to produce composites with
better toughness by: 1) decreasing particles size through breaking them [12, 67,
114, 116], 2) increasing the roundness of the particles which reduces stress
intensity available at sharp edges [114], 3) increasing homogeneity of particle
distribution [11, 55], 4) modifying microstructure of the matrix [11, 108], and 5)

reducing the grain size of the matrix [11, 114, 119].

1.3 Microstructure and mechanical properties of Al 5XXX series alloys

1.3.1 Microstructural behavior and strengthening mechanisms in Al XXX

series alloys

Al 5XXX series are a group of not heat treatable wrought aluminum alloys
with applications in ship building, military, aerospace and auto industries [120].
The main alloying element is Mg which provides strength by solid solution
strengthening and work hardening and also improves corrosion resistance [121].
Other alloying elements such as Cr, Fe, Mn, Zr, Cu and Si may also be added to
these alloys for different properties and applications. For example Cr is usually

added to enhance corrosion resistance [122] and Zr is added (as in Al 5059) to
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promote grain refinement by forming fine grain boundary pinning dispersoids
[123]. Addition of iron, manganese, zinc, silicon and copper to Al-Mg alloys
leads to formation of precipitates that can contribute to strength [122]. The most
widely reported precipitate in Al 5XXX series alloys are the Als(Mn,Fe) type
particles [6, 124, 125], but depending on the alloy composition other precipitates
may also exist in the microstructure [121, 126, 127].

Microstructure of friction stir welded/processed Al 5XXX series alloys
usually consists of fine equiaxed grains, which are formed as a result of dynamic
recrystallization, along with a considerable amount of precipitates [102, 128,
129]. The size of the recrystallized grains and volume fraction of the precipitates
depends on chemical composition of the alloy and processing conditions.
Considering the effect of Mg on grain boundary mobility and dislocation density,
alloys with higher Mg content (more than 3 wt%) have finer recrystallized grains.
Submicron sized grains are achieved in friction stir welds of Al 5083 using a
rotation speed of 560 rpm and a travel speed of 25 mm/min [130].

Generally any microstructural feature that interferes with dislocation
motion causes strengthening and can be considered as a strengthening mechanism,
examples are: crystal lattice defects, grain boundaries, solute atoms, precipitates
and other dislocations [100]. In Al-Mg alloys, the effectiveness of each of these
parameters depends on the chemical composition and deformation and heat
treatment history of the alloy and this is why these alloys may or may not follow
the Hall-Petch behavior, for example see [102, 131, 132]. In this regard a good

model for strengthening in Al-Mg alloys should consider all the above mentioned
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mechanisms as suggested by Huskins and Ramesh for Al 5083 [133]. Generally in
metallic materials yield stress or hardness is mathematically related to grain size

by Hall-Petch relation [134, 135]:

1
H = Hy+ kyd 2
oo (1.7)

where H is hardness, d is grain diameter and Hy and k are Hall-Petch constants.
Magnesium being the major alloying element in Al 5059, mostly goes into
solid solution and results in strengthening through solute/dislocation interaction
and other alloying elements such as manganese, silicon and iron form precipitates
that strengthen the alloy via precipitate/dislocation interaction [133, 136, 137].
Dislocation/dislocation interaction may contribute to strength as well. Al-Mg
alloys exhibit particularly high dislocation densities after plastic deformation
[138] which is related to the effect of Mg on hindering dislocation annihilation
[139]. As in these alloys Mg atoms are substitutional, they tend to diffuse to the
dislocation core and form clusters to reduce the lattice energy. Such clusters of
Mg atoms delay the dislocation’s movement [133]. It is showed that in ultrafine
grained Al-Mg alloys additional mechanisms related to stacking faults and
nanotwins, and nonequilibrium grain boundaries also contribute to strength [138].
However among the above mentioned strengthening mechanisms, the
overall strength of an alloy is highly influenced by grain size or volume fraction
of the precipitates. In an alloy with a random distribution of particles with radius
volume fraction f; the average distance between particles L can be measured by

[125]:
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L= (2_;>0.5r (1.8)

Depending on the properties of the precipitates for each specific alloy if L
is larger than the grain size then dislocation/grain boundary interaction is more
probable than dislocation/precipitate interaction and therefore grain refinement
can cause strengthening following the Hall-Petch relationship; but if L is smaller
than the grain size, strengthening by the precipitates is the dominant strengthening
mechanism. In Al-Mg alloys with minor additions of other alloying elements the
volume fraction of precipitates is low, and therefore a Hall-Petch relation can be
found between the grain size and strength (or hardness) as shown for example for
friction stir welds of Al 5052 [128]. In the case of Al-Mg alloys with higher
amount of other alloying elements, such as Mn, Fe, Si and Cr, strengthening is

significantly affected by precipitates, as shown for example for Al 5083 [125].

1.3.2 Grain Growth in Al 5XXX series alloys

It is generally believed that fine recrystallized grains form during friction
stir welding and then as the weld cools down to room temperature grain growth
may occur, for example see [132]. Grain sizes in the range of 1 — 10 um are
extensively reported for different aluminum alloys friction stir welded/processed
with different process parameters [2], but it was shown that submicron sized
grains are also achievable by rapid cooling of the plates right after the process
which stops the grain growth. For example Yazdipour ef al. [130] have utilized a

mixture of methanol and dry ice to rapidly cool the material behind the tool
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during friction stir welding of Al 5083. They have shown this results in the
formation of grains in the range of 80 nm to 0.9 um using a rotation speed of 560
rpm and a travel speed of 25 mm/min. Gerlich et al. [129] have compared the
average size of stir zone grains in air-cooled and rapidly-cooled (in a mixture of
methanol and liquid nitrogen) friction stir spot welds of Al 6061 and Al 5754 to
study the grain growth behavior during the cooling cycle of the welds. No
evidence of grain growth has been observed in Al 5754 which they have attributed
to the solute drag effect of Mg on reducing the grain boundary mobility. On the
other hand, in the stir zone of Al 6061 welds normal grain growth was observed
which was represented using an Arrhenius growth equation:
df —d§ = Ay - exp (i>t (1.9)
R,T

where dyand d) are the final and initial grain diameters, 4y is a constant, Q is the
activation energy, 7" is the absolute temperature and R, is the universal gas
constant. Equation (1.9) has also been used for grain size evolution during FSW
of Al 5083, where no evidence of abnormal grain growth was observed [140].
Robson ef al. [141] have developed a model for stir zone grain evolution based on
geometrical dynamic recrystallization followed by grain growth. They have used
the particle controlled grain growth equation for the relation between grain size
and annealing time:

dR_A(l 1) 110
dt "\R R, (1.10)
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where R is the grain radius, 7 is time and 4 is the reduced grain boundary mobility,
R, is the limiting grain size. Their model predicts the formation of submicron
sized grains as a result of the initial recrystallization and subsequent rapid grain
growth in the region behind the pin. Then the growth rate decreases as the
material cools down. The resulting final grain size will be smaller than R,,,. They
have successfully applied their model to predict grain sizes in Al 2524 friction stir
welds [141].

In many applications friction stir welded/processed parts are heat treated
for annealing or aging, therefore it is of significant interest to study the evolution
of stir zone microstructure under thermal cycles. Many attempts have been done
to model grain growth in friction stir welded/processed parts during heat treatment
and to predict the stir zone grain size. Chen et al. [142] have studied the
mechanism of grain coarsening in friction stir welded Al 5083 post weld heat
treated at 738 K for 5 minutes and showed that abnormal grain growth is the
mechanism of the formation of coarse grains (larger than 100 um) within the
welds having as-welded grain diameters smaller than 3 pm. However they have
not suggested any model for the case of normal grain growth. Their results agree
well with Humphrey’s model [143] which predicts grain growth behavior
(whether it is normal or abnormal) based on starting grain size and a particle
pinning parameter. Other researchers have also used this model to predict
microstructural stability in heat treated friction stir welds [144-146]. Depending
on the annealing temperature, as-welded grain size and particles properties

abnormal grain growth has been also reported in post weld heat treated
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microstructure of friction stir welded Al 1100 [147], Al-4.5%Cu-1.5%Mg [148],
Al 2095 [149], Al 2024 [150], Al 2014 [151], Al 2195 [152], Al 2004 [153], Al-
6.8%Si [144], Al 5083 [154], Al 6082 [155], Al 7010 [146], Al 7075 [156].
Further information on abnormal grain growth in friction stir welded/processed
aluminum alloys may be found in [157].

Furukawa et al. have fabricated submicron sized grains in Al-3% Mg alloy
by Equal Channel Angular Pressing (ECAP) and torsion straining [158]. After
annealing their samples at different temperatures in the range of 323 to 803 K for
1 hour, they have reported two distinct values for activation energy of grain
growth which are related to the boundary structure. At very small grain sizes
where the boundaries are mostly in non-equilibrium condition, movement of
extrinsic dislocations on boundaries leads to a low activation energy of ~25
KJ/mole but at larger grain sizes where the boundaries have an equilibrium
configuration, grain boundary diffusion leads to a high activation energy of ~85
KJ/mole [158, 159]. This difference in grain growth activation energy between
nano-sized and micron-sized grains has been also observed for Al 5083 [160].
Furthermore it is indicated in another study on Al-3% Mg alloy that the ECAP
processed samples with an average grain size of ~0.2 um showed no grain growth
up to 473 K and after annealing for 32 hours only recovery occurred [159, 161].
This grain size stability up to 473 K has been attributed to the presence of
impurities (mostly Fe and Si) in this alloy which leads to precipitation of very fine

dispersoids on grain boundaries [162].
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1.4 Research Objective and Thesis Structure

The objective of this thesis study is to first investigate the microstructure
and mechanical properties of Al 5059 before and after friction stir processing and
then produce Al 5059 matrix composites reinforced with different particles using
friction stir processing.

Despite the good mechanical properties and corrosion resistance of Al
5059, the details regarding the physical metallurgy and mechanical properties of
this alloy are very limited in the literature; no information is available about the
microstructural features such as precipitates or the dominant strengthening
mechanism in this alloy. In addition, friction stir welding/processing can be a
good joining/processing method for this alloy in different applications, therefore it
is important to determine the effect of processing parameters on properties of Al
5059. In Chapter 2 microstructure and mechanical properties of Al 5059 are
investigated when friction stir processed using different rotation and travel speeds
and tool geometries and finally the parameters that give the best mechanical
properties are determined. According to the importance of grain size in terms of
the mechanical properties, grain growth behaviour of friction stir processed Al
5059 during subsequent heat treatment is studied in Chapter 3 and a model is
suggested that relates grain size to annealing time. Chapter 4 proposes the
developed multi pass/multi tool method for MMCs fabrication by FSP. Different
reinforcing materials have been tested and effect of processing parameters on

mechanical properties of the produced composites is investigated.
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Chapter 2: Effect of Friction Stir Processing Parameters on Microstructure

and Mechanical Properties of Al 5059'

! A version of this chapter has been published: H. Izadi, A. Nolting, C. Munro, A. Gerlich, Effect
of Friction Stir Processing Parameters on Microstructure and Mechanical Properties of AL 5059,
Proceedings of the 9™ International Conference on Trends in Welding Research, 2012 ASM
International.
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2.1 Overview

Since in this work, friction stir processing is used for fabrication of metal
matrix composites; this chapter examines the effect of processing parameters
solely on the microstructural and mechanical properties of the matrix alloy, which
is Al 5059. Friction stir processing is a severe plastic deformation process that
involves the same principals of FSW; however a monolithic plate is processed
rather than joining two components. As the process involves high strain rate
deformation and no bulk melting occurs, it may be utilized as a secondary
processing tool for microstructural modification and mechanical properties
improvement, as discussed in Chapter 1.

Continuous or discontinuous dynamic recrystallization generally occurs in
the processed region due to high strain rates, temperatures and strains involved in
friction stir welding and processing, resulting in a final microstructure which
consists of very fine grains. Tool geometry, rotation and travel speeds dictate the
material flow, deformation process, strain rate and amount of heat generated
during FSP. In this regard the objective of this chapter is to determine the effect of
tool geometry, rotation speed and travel speed on microstructures and mechanical

properties in friction stir processed Al 5059.

2.2 Experimental Procedure
The as-received material was 6.3 mm thick Al 5059 alloy with a
composition of Al-5.26Mg-0.79Mn-0.5Zn-0.09Fe-0.07Si-0.02Ti, in the rolled and

H131 temper condition. The Al 5059 is a wrought aluminum alloy which derives
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its strength from a combination of work hardening and solution strengthening
rather than precipitation. This is considered to be an advantage of non-heat
treatable alloys, as usually there is a remarkable drop in the hardness of heat
treatable aluminum alloys due to precipitate dissolution and coarsening in the stir
zone when FSW is applied. The hardness may be restored by post-weld heat
treatment but it will cause undesired grain growth as well. The key feature in this
approach is that the Al 5059 metal matrix will maintain its hardness after friction
stir processing due to grain refinement, and further strengthening can be achieved
by the incorporation of reinforcing particles.

The equipment used to investigate friction stir processing was an Induma
milling machine modified for friction stir welding/processing, as shown in Figure
2-1. This machine is capable of tool rotation speeds from 40 to 1600 rpm and
travel speeds of 10 to 800 mm/min. It is equipped with a JR3 multi-axis force-
torque load cell and a data acquisition system which allows to measure tool forces
and torques in all directions. It also has a position display screen that shows the
(x, y, z) position of the tool. In order to verify the accuracy and repeatability of
the positioning system and the load cell, a series of tests were performed before
the actual experiments and the obtained results confirmed the functionality of the

set-up.
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Figure 2-1: The milling machine used for friction stir processing.

Friction stir processing was performed at 454, 638, 894 and 1595 rpm
rotation speeds and travel speeds of 33 and 88 mm/min using 3 different tool
geometries, with the axial load maintained between 5 and 7 kN. Figure 2-2 shows

the geometries of the 3 tools studied.

55



b)

c)
Figure 2-2: Tool geometries studied for friction stir processing of Al 5059, (a) grooved pin

(concentric threads with no helix), (b) 3-flat threaded pin, and (c) conventional threaded pin.

After friction stir processing, samples were sectioned, polished and
electroetched in Barker's reagent (5 mL HBF4 (48%) in 200 mL water) for 50
seconds at 20 V DC and examined with polarized light using a Nikon Eclipse
MA200 optical microscope. The same procedure was followed for SEM
microscopy however samples were etched in Keller’s reagent (1 ml 48% HF, 1.5
ml HCI and 10 ml nitric acid in 87.5 ml distilled water). Sample preparation for
TEM involved using a twin jet electropolisher, in a solution of 30 vol% of HNO;
and 70 vol% of methanol at a temperature of -35 °C (238 K) and voltage of 12 V.
A JEOL 2010 TEM operating at 200 kV was used. For grain size measurement
the equivalent circle diameter was obtained by measuring the area of individual
grains in the middle of the stir zone.
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Tensile testing was conducted on an MTS series 370 servo-hydraulic load
frame equipped with a 25 kN load cell. Strain was monitored with an MTS
634.31F.24 model extensometer with 10 mm knife edge separation. All tests were
performed in displacement control, at a rate which produced an equivalent initial
strain rate of approximately 0.015 /min. Yield strength was determined by the
0.2% offset yield method and elongation at fracture was measured as the
extensometer elongation when failure occurred. The specimens had a thickness of
2.0 mm, a width of either 3.75 or 3.25 mm, and a reduced area 20 mm long, figure
2-3. These dimensions were chosen to ensure that mainly stir zone material was
located in the gauge section, while still maximizing the cross sectional area of the

gauge section.

Figure 2-3 Schematic drawing showing the dimensions of the tensile specimens and their location

relative to the friction stir processed region.

Microhardness tests were conducted utilizing a Tukon 2500 automatic

hardness measurement system using a dwell time of 15 S and 200 g load.
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2.3 Results and Discussion

2.3.1 Microstructure

Figure 2-4 shows the microstructure of the as received material. Elongated

grains and pancake-shaped microstructure are formed as a result of rolling in the

starting material.
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Figure 2-4: Microstructure of the base material: a) electroetched for 50 seconds in HBF,, polarized

light imaging and b) electroetched for 10 seconds in HBF,, bright field imaging.
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Figure 2-4-b indicates elongated precipitates along grain boundaries.
Formation of precipitates on grain boundaries is common in aluminium alloys
with high magnesium content [1-3] and can enhance micro voids formation and
coalesce and lead to reduced ductility [4-6].

Depending on the chemical composition of the alloy different second
phase particles may exist in the microstructure. Als(Mn,Fe), AlsFe, Mg,Si,
Al;(Fe,Cr), AlsMgs, Alj3Cry, Alj3(Cr,Mn),, Aljx(Fe,Mn);Si, Al;(Mn,Fe,Cu) and
AlZr precipitates are typically found in 5XXX series aluminum alloys [1-10].
Martinez et al. have shown that adding 1 wt% copper (Al 5059 contents 0.25 wt%
copper) to Al 5182 results in precipitation of Al-Mg-Cu and Al-Mn-Fe(+Cu)
particles [11]. Sato et al. have only reported Alg(Mn,Fe) particles in the stir zone
of friction stir welds of Al 5083 [2]. Also, no evidence of Mg,Si has been
observed in friction stir welded Al 5456, and only Alg(Mn,Fe) and Al;3(Cr,Mn),
were detected [10]. This may be related to the dissolution of Mg,Si particles
during friction stir processing which depends on the maximum temperature
reached within the process and may not be relevant in all conditions. For example
fragmentation assisted dissolution of Mg,Si has been reported in friction stir
welded Al 5251 [12].

ThermoCalc measurements predict the presence of Alg(Mn,Fe), Mg,Si,

AlsMg,, AlsFe and AlsZr precipitates in this alloy, Figure 2-5.
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Figure 2-5: ThermoCalc analysis showing the solidification sequence in Al 5059.

TEM analysis of friction stir processed samples, showed that majority of
the particles are AleMn, Alg(Mn,Fe) or Mg,Si. Using TEM microscopy, the base
material was found to contain mainly Al¢(Mn) types of inclusions, where Mn was
substituted in various ratios with Cr, Fe, Si, and Cu, but no AlsZr was found, for

example see Figure 2-6.
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Figure 2-6: a) TEM image showing particles in the friction stir processed sample, and b, ¢ and d)
shows the corresponding EDX results.
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TEM examination revealed 2 morphologies of particles in this alloy:
elongated (high aspect ratio) and round or cubic (low aspect ratio), see Figure 2-7.
However no relation was found between the morphologies and the chemical
composition of the particles, although the observed particle compositions were
similar to those reported by Rachtev ef al. in Al 5182 alloy [13]. Similarly a 3D
morphological analysis using X-ray microtomography has revealed flat, needle-

like and spherical particles in Al 5182 alloy [14].

200 nm

Pk

Figure 2-7: TEM micrograph of friction stir processed Al 5059 showing the morphologies of the
particles.

As shown in Figure 2-5, ThermoCalc analysis also showed that the
particles present are stable at elevated temperatures of over 450°C (723 K). It was
found that the temperatures reached during friction stir processing were 370°C

(643 K), as will be discussed later in Chapter 3; therefore precipitate dissolution
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and reprecipitation are not expected to happen during friction stir processing of
the Al 5059 base material. On the other hand particle fragmentation can easily
happen as a result of thermo-mechanical cycles associated with friction stir
processing. Strangwood et al. have indicated breakup of Al(FeMn)Si particles and
fragmentation assisted dissolution of the Mg,Si phase in friction stir welds of Al
5251 [15]. Fracture of AlsMg, particles during friction stir welding of Al 5083 is
also reported [16]. Su ef al. have described that rod-like and bar-like Al;Cu,Fe
precipitates initially break up and then coarsen to spherical and block shape
particles during friction stir welding of Al 7050 [17]. Likewise particle
fragmentation is likely to happen in the Al 5059 alloy, as a large fraction of high
aspect ratio particles are present in the material and prone to fracture during
friction stir processing. Quantification of particle refinement was performed based
on several TEM images and the results are shown in Table 2-1. To evaluate if the
difference between the 2 average values are meaningful or not a T-test statistical
analysis (details about T-test can be find in [18]) was performed and since the
resulting P-value is small (0.027) the difference in the average values is

statistically meaningful.
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Table 2-1: Particles lengths in Al 5059 before and after friction stir processing.

Equivalent diameter of elongated
particles (nm)

Average Standard

Deviation
As-received 238 49
Friction stir processed 194 27

As indicated in Table 2-1 the average size of precipitates has decreased
after FSP which is an indication of particle fragmentation during FSP. Such a

change in particles size is very important in terms of the mechanical properties,

which will be discussed later.

The shapes of the stir zones of the Al 5059 samples friction stir processed
with the 3 tools at 894 rpm and 33 mm/min are shown in the macrographs in
Figure 2-8. It is well known that the pin profile affects the flow of the plasticized
material and therefore influences the shape and properties of the stir zone [19]. As

shown in Figure 2-8 the tool with 3-flat surfaces on the threaded pin significantly

change the shape of stir zone.
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Figure 2-8: Optical macrographs showing the stir zone shape of samples friction stir processed

with (a) the grooved pin, (b) the 3-flat threaded pin and (c) the conventional threaded pin.

Figure 2-9 shows the stir zone microstructure of the 3 samples indicated in
Figure 2-8. At least 60 grains were selected from each of the micrographs shown
in Figure 2-9 for grain size measurement and the results are shown in Table 2-2.
The grain size increases from 2.54 um for the sample produced by the 3-flat tool
to 3.38 um for the sample produced using the conventional threaded tool to 4.07
um for the sample obtained by the grooved tool. It is well accepted that dynamic
recrystallization generates fine equiaxed grains in the stir zone. Different
conditions such as process parameters, tool geometry, alloy composition,
temperature of work piece material, tool axial loading, and the thermal cycle on

cooling affect the size of the recrystallized grains during friction stir welding and
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processing [20]. Given that all the other factors were consistent, the variation in
grain sizes in these samples arises from the effect of tool geometry. It has been
shown that flat sides on the pin of the tool increases the amount of plastic
deformation by creating a local disturbance in the material flow or pressure, [21,

22], and this would readily explain the finer grains in the stir zone.

Figure 2-9: SEM micrographs showing grain structures from the middle of the stir zone obtained
when using a tool with (a) a grooved pin, (b) a 3-flat threaded pin, and (c) a conventional threaded

pin.
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Table 2-2: Grain sizes in Al 5059 stir zone obtained with different tool geometries using a rotation

speed of 638 rpm and a travel speed of 33 mm/min.

Average grain
Tool Pin shape .
size (pum)
3-Flat Threaded 2.54
Conventional
3.38
Threaded
Grooved 4.07

The rotation speed is also known to influence the stir zone grain size by
changing the amount of heat introduced to the sample. Increasing the rotation
speed rises the maximum temperature of the stir zone and therefore generates
larger grains [20, 23]. In order to investigate the effect of tool rotation speed on
stir zone grain size in Al 5059, samples were also friction stir processed at 454
and 1595 rpm using the 3-flat threaded tool.

The sample friction stir processed at 454 rpm and a travel speed of 33
mm/min yielded a grain size of 1.96 um while the sample friction stir processed at
1595 rpm produced a grain size of 4.73 um, the corresponding microstructures are
indicated in Figure 2-10. Considering these results, a 3-flat threaded tool in
combination with a tool rotation speed of 454 rpm produced the finest grain
structures in the present work. It is striking to note that such fine grain sizes were
achieved without the assistance of forced cooling or repeated processing of the
same location. A tool with a conventional threaded pin was also investigated,

however when this was used at 454 rpm the pin sheared off. To avoid this issue a
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revised version of the 3-flat tool with a tapered pin (a larger diameter near the

shoulder) was utilized for the rest of experiments.

Figure 2-10: Optical micrographs showing grain structures from middle of stir zone obtained when
using a 3-flat tool using a) 454 rpm resulting in a 1.96 pm grain size and b) 1595 rpm resulting in

a4.73 um grain size.
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To further study the microstructure in terms of grain structure and
precipitates, TEM was performed on the samples. Figure 2-11 shows a TEM
micrograph of the sample friction stir processed at 638 rpm with the 3-flat
threaded tool. The size of the grains observed by TEM is also in the range
measured using optical microscopy. Figure 2-11 also shows the dispersoid
particles observed in the Al 5059 material. As discussed earlier, EDX indicated

that these particles are Alg(Mn,Fe).

Figure 2-11: TEM micrograph of the sample friction stir processed at 638 rpm with a 3-flat
threaded tool. Arrows indicate Alg(Mn, Fe) precipitates.

2.3.2 Mechanical Properties

Figure 2-12 shows the microhardness results of the sample friction stir
processed using the 3-flat tool at 454 rpm and 33 mm/min. The overall hardness
profile agrees well with the prior findings typically reported for wrought 5XXX
series aluminum alloys [24], in which there is a marginal increase in hardness in

the stir zone compared to the base material. This is the case in the present work,
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and suggests that softening effects due to recovery and recrystallization in the stir
zone can be compensated by strengthening due to grain refinement. Therefore to
achieve higher hardness values, lower rotation speeds should promote finer grain
structures and enhance this effect. It can also be observed in Figure 2-12 that the

hardness is quite uniform around the center of the stir zone.
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Figure 2-12: Hardness profile across the stir zone in Al 5059 after friction stir processing at 454

rpm and 33 mm/min.

Hardness values obtained from other samples are shown in Table 2-3. The

presented numbers are the average of at least 5 points from the center of the stir
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zone. The sample friction stir processed with the 3-flat threaded tool shows

slightly higher hardness which is consistent with the grain size measurements.

Table 2-3: Hardness values of samples friction stir processed with different tools and rotation

speeds. The travel speed is 33 mm/min for all samples.

Rotation Speed | Grain Size | Microhardness
Tool Profile
(rpm) (um) (Hv)
454 1.96 94
3-flat 638 2.54 -
threaded pin 808 _ 38
1595 4.73 94
Conventional 638 3.38 90
threaded pin 808 _ 35

As indicated in Table 2-3 increasing the rotation speed from 454 rpm to
898 rpm results in a reduction in microhardness which is related to coarsened
grain sizes when higher rotation speeds are applied. However, further increasing
the rotation speed to 1595 rpm leads to a high hardness value of 94 Hv, despite
the increase in grain size. Increasing the rotation speed introduces more heat to
the sample and increases the maximum temperature of the stir zone [25]. This
elevated temperature may be enough to cause dissolution of some of the
intermetallic particles. ThermoCalc calculations proved that Mg rich particles are
likely to dissolve if enough heat is provided (see Figure 2-7). In addition as
discussed earlier more particle fracture happens at higher rotation speed therefore
fragmentation enhanced particle dissolution is also highly probable at increased

rotation speeds. When Mg containing particles dissolve the magnesium content
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will go to the aluminum matrix in the form of solid solution and can improve the
hardness. This is the possible reason for hardness improvement when a rotation
speed of 1595 rpm is used. Such an effect is observed in heat treated Al 5251
samples where the sample heat treated at 525 °C had a higher hardness than
samples heat treated at lower temperatures (375 and 400 °C) despite the grain
growth. A 4 Hv increase in hardness is attributed to dissolution of Mg,Si particles
at 525 'C which adds about 0.25 wt% Mg content in solid solution [12]. In
addition, Ryen et al. have indicated that small increase in Mg content in solid
solution can result in significant rise in strength of Al-Mg alloys [26].

A minor reduction in hardness was also observed in the thermo-
mechanically affected zone of samples friction stir processed at high rotation
speeds. In the TMAZ the temperatures were sufficient to cause recovery of the
base material but not undergo recrystallization and grain refinement since limited
deformation occurred in this region [24].

Figure 2-13 shows the stress-strain curves obtained during tensile testing;
comparing the mechanical properties of the as-received Al 5059 with the samples
friction stir processed using a 3-flat threaded tool at different rotation speeds. The
material property values obtained from the data are summarized in Table 2-4. It
can be observed that there is a minor improvement in strength, while surprisingly
also exhibiting a significant increase in elongation to failure. It is important to
note that the increase in ductility while maintaining strength is a difficult thing to
achieve, since careful optimization of rolling and recrystallization parameters

have all been optimized in the “HI31” condition to establish particularly
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desirable properties with a compromise between strength and ductility. Here the
minor strengthening may be attributed to the grain refinement occurred as a result
of dynamic recrystallization in the stir zone. It is well-known that grain
refinement can simultaneously improve strength and ductility, especially if the
dislocation density is not very particularly high as shown in the TEM images.
This is a typical microstructural feature of friction stir processed aluminum alloys.
The significant improvement in ductility may be related to two mechanisms: 1)
elimination of the continuous grain boundary precipitates and 2) particle
refinement. As shown in Figure 2-4-b a considerable amount of network-like
precipitates was available at the grain boundaries of the base material. As
mentioned earlier such particles can promote fracture and reduce ductility
significantly by enhancing void formation and accumulation and lead to early
fracture. The deformation and stir action imposed by the tool during friction stir
processing removes these phases from the grain boundaries and therefore
improves the ductility. Considering this effect, it can be noted in Figure 2-13 and
Table 2-4 that all the friction stir processed samples exhibited better elongation
than the as-received alloy. This has been previously observed in friction stir welds

of heat treatable aluminum alloys in prior work [27].
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Figure 2-13: Stress-Strain curves for as-received Al 5059 plate and samples friction stir processed

using a 3-flat threaded tool at different rotation speeds.

Table 2-4: Tensile properties of as-received Al 5059 plate and sample friction stir processed at 638
rpm using a 3-flat threaded tool.

Yield
UTS | Elongation
Sample Stress
(MPa) (%0)
(MPa)
As-received 217 335 17
3-flat threaded
193 343 26
tool, 454 rpm
3-flat threaded
~150 327 22
tool, 898 rpm
3-flat threaded
~190 343 30
tool, 1595 rpm
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Any parameter that improves the capacity of the alloy to undergo work
hardening increases the elongation to failure, and this is typically quantified by
work hardening rate, or the normalized work hardening rate parameter [28, 29]:

T o
where ¢ and ¢ are true stress and strain respectively. To obtain the values of 0 for

each condition true stress — true strain curves were plotted using the data from

tensile tests, and then a polynomial was fitted to each curve and the derivative was

measured to be (Z—Z). The results are presented in Figure 2-14.
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Figure 2-14: Normalized work hardening rate for as-received Al 5059 plate and samples friction

stir processed using a 3-flat threaded tool at different rotation speeds.
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It can be seen from Figure 2-14 that the friction stir processed samples
have higher work hardening rates compared to the base material. This can be
related to particle fragmentation and refinement imposed by friction stir
processing. It is reported that in particle containing metals work hardening rate
increases with increasing the volume fraction or decreasing the size of the
particles [30, 31]. When a particle containing metal is strained as the amount of
deformation is not equal for the matrix and the particles, some dislocations are
generated and stored in the microstructure, which are called the “geometrically
necessary dislocations”. The interaction between these dislocations and the
primary dislocations determines the work hardening rate at large strains in
dispersion-hardened alloys where the ultimate relation between work hardening
and particle diameter d and volume fraction f'is [32]:

1
do (fb\2 1 (2.2)
= d(g)

were ¢ is a constant, G is shear modulus, and b is the Burgers vector.

On the other hand, since the majority of the particles in this alloy are
incoherent Alg(Mn,Fe) type particles, they will likely stop or cause the
dislocations to loop around them. Since particles are refined during friction stir
processing, cross-slip will become easier and suppress localized deformation,
leading to higher ductility.

Comparing samples processed with different rotation speeds also shows a
remarkable increase in work hardening rate for the sample friction stir processed
at 1595 rpm. When the grains are large, as in this sample, dislocations move in
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longer distances between grain boundaries, such that interaction with other
dislocations and/or particles is more likely before a dislocation is annihilated at a
grain boundary. Particle refinement is also more pronounced in the sample
friction stir processed at 1595 rpm as a higher rotation speed is applied, therefore
the work hardening rate increases due to more effective particle fragmentation.
Lastly, another important parameter here is the solute content, where the high
rotation speed of 1595 rpm may promote dissolution of Mg containing particles
and consequently increases the amount of solid solution Mg. An increase in the
amount of Mg in solid solution can in turn increase the work hardening rate [33],
and this effect has also been demonstrated for Zn content in ultrafine grained
aluminum [34]. It was proposed that when a higher fraction of Zn was available in
solid solution, more slip bands were observed during TEM examinations and also
these slip bands were more uniformly distributed in the microstructure, leading to
higher ductility since the formation of localized deformation and macro shear

bands were suppressed [34].

2.4 Summary and Conclusion

It was shown that the microstructure of the as-received Al 5059 contains
elongated grains with network-like precipitates on the grain boundaries. After FSP
the stir zone microstructure compromised fine recrystallized grains along with
fine particles. By the use of TEM it was found that the majority of precipitates are
Alg(Mn,Fe) type particles. Thermomechanical cycles during FSP fragmented and

dispersed the particles which lead to an improvement in mechanical properties
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specially ductility. Friction stir processing with a rotation speed of 454 RPM
using a tool with a 3-flat threaded pin produced an average grain size of 1.96 pm
in the stir zone. Larger grains were achieved when applying higher rotation speeds
or by utilizing tools with a conventional threaded or grooved pin which did not
contain flats. The yield and ultimate strengths of the specimen processed to
maximize grain refinement were slightly better than those of the as-received
material, while the elongation at fracture was significantly improved. This
improvement may be related to the grain refinement occurred as a result of
dynamic recrystallization during FSP. In the case of ductility, it was also
discussed that particle fragmentation by FSP increases the work hardening rate
which in case results in a higher elongation to failure. A minor improvement in
hardness was also found for the sample processed with the relatively high rotation
speed of 1595 rpm which may be attributed to the increase in the amount of solid

solution Mg as a result of dissolution of Mg containing particles.
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3 Grain Growth Behaviour and Hall-Petch Relation in Friction Stir

Processed Al 5059’

! A version of this chapter has been submitted to Metallurgical and Materials Transactions A.
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3.1 Overview

Almost in all applications of friction stir processing, improvement of
mechanical properties in terms of microstructural evolution is based on grain
refinement which occurs as a result of dynamic recrystallization in the processed
region [1, 2]. It is generally believed that fine recrystallized grains form during
friction stir welding and then as the weld cools down to room temperature grain
growth may occur, for example see [3]. As discussed in Chapter 1, grain sizes in
the range of 1 — 10 um are extensively reported for different aluminum alloys
friction stir welded/processed with different process parameters [4]. It is shown
that submicron sized grains are also attainable by forced cooling of the plates right
after the process, for example see [5]. Different approaches have been applied to
study the grain growth and predict the grain size during friction stir welding and
processing. As in most of aluminum alloys particles available in the
microstructure interact with the grain boundaries, the particle controlled grain
growth model (equation 3.1) is the most used approach [6]:

d—R=A(l—i) 3.1)

dt R R,
where R is the grain radius, 7 is time, 4 is the reduced grain boundary mobility and
R,, is the limiting grain size. Based on this equation, Robson et al. [7] have
developed a model for stir zone grain evolution based on geometrical dynamic
recrystallization followed by grain growth. Their model predicts the formation of
submicron sized grains as a result of the initial recrystallization and subsequent

rapid grain growth in the region behind the pin. Then the growth rate decreases as
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the material cools down. The resulting final grain size will be smaller than R,,,.
They have successfully applied their model to friction stir welds of Al 2524 [7].
Similar approaches have also been used for friction stir welds of Al 6061 [8] and
Al15083 [9].

Post processing heat treatment of parts is usually needed in industrial
applications for aging and annealing purposes. Therefore many researchers have
studied microstructural evolution during heat treatment of friction stir
welded/processed parts. In this regard a useful tool is Humphrey’s model for
microstructural stability [10] which predicts grain growth behavior (whether it is
normal or abnormal) based on starting grain size and particles properties. This has
been extensively used for aluminum friction stir welds [11-14].

Generally in Al-Mg alloys the strength is governed by grain size, volume
fraction of the precipitates or dislocation density [15]. If dislocation/grain
boundary interactions overcome the other two mechanisms then a good Hall-
Petch relation (equation 1.7) can be established between hardness and grain size,
as in case of Al-Mg alloys with lower amounts of other alloying elements [16].
However for alloys with higher amounts of alloying elements, the volume fraction
of the precipitates is high and therefore strength is not anymore controlled solely
by grain size. On the other hand both grain size and volume fraction of particles
affect other mechanical properties such as ductility; hence while one may not

significantly contribute to strength it may remarkably influence ductility.
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3.2 Experimental

The 6.3 mm thick Al 5059 alloy plates studied had a composition of Al-
5.26Mg-0.79Mn-0.5Zn-0.09Fe-0.07S1-0.02Ti, and were in the rolled and H131
tempered condition. These were friction stir processed at a rotation speed of 454
rpm and a travel speed of 33 mm/min. A tool with a 3-flat M4 threaded pin [17,
18] comprising a 12 mm diameter shoulder and a 5 mm diameter and 2.3 mm
length pin was utilized. Care was taken during FSP to keep the axial force
between 5 — 7 kN for all samples. Heat treatment was performed at 448 K for
different time periods (10, 20, 30, 40, 50 and 60 min and 1 day) followed by
quenching in water. For optical microscopy, samples were sectioned, polished and
electroetched in Barker's reagent (5 mL HBF4 (48%) in 200 mL water) for 50
seconds at 20 V DC and examined using polarized light. Sample preparation for
TEM involved using a twin jet electropolisher, in a solution of 30 vol% of HNO3
and 70 vol% of methanol at a temperature of -35 °C and voltage of 12 V. A JEOL
2010 TEM operating at 200 kV was used. In order to measure the grain size at
least 60 grains were selected from the middle of the stir zone and the equivalent
circular diameter was obtained by the help of image analysis software, the
reported numbers are the average + standard deviation. Microhardness tests were
conducted using a Tukon 2500 automatic hardness measurement system.

Temperature measurement during FSP was carried out by embedding a
0.25 mm diameter K-type thermocouple in the pin of the rotating tool, details are
shown in Figure 3-1. The thermocouple was constantly in contact with the

dynamically recrystallized material. The thermocouple was connected to a small
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data acquisition system with internal memory which was attached to the spindle
of the FSW machine. For more details about the temperature measurement system
please refer to [19] where same setup and conditions have been used for friction

stir spot welding.

Figure 3-1: Tool geometry with thermocouple hole location at centre.

3.3 Results and Discussion

3.3.1 Grain Growth Model

As shown in Section 2.3.1 the microstructure of Al 5059 alloy before FSP
contained elongated grains which are formed due to rolling. After one FSP pass,
the stir zone microstructure compromises fine grains with an average radius of
0.98 pm, which are formed as a result of dynamic recrystallization, Figure 3-2. It
should be considered that because of the presence of alloying elements and
relatively high volume fraction of the precipitates in 5XXX series aluminum
alloys formation of such small recrystallized grains is not unusual [5]. In addition,
it is shown that the grain size in severely plastically deformed aluminum

decreases with increasing the Mg content [20-22]. This is related to the effects of
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Mg on reducing the dislocations mobility and stacking fault energy and

decreasing the recovery rate [21, 22].

Figure 3-2: Microstructure of Al 5059 after FSP at 454 RPM and 30 mm/min.

In order to determine if grain growth happens during the cooling cycle a
sample was friction stir processed while being in contact with a mixture of
methanol and liquid nitrogen (approximately 193 K). The results showed that no
remarkable grain growth occurs during the cooling cycles and the grain size was
similar (to within £0.5 pm) to the sample processed without forced cooling. Aside
from the above considerations, increasing the amount of Mg in aluminum alloys
also significantly increases the activation energy for grain boundary migration
which accounts for the negligible difference in grains sizes when accelerated

cooling is imposed during welding [8].
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Table 3-1 indicates the measured grain sizes of the heat treated samples
after one FSP pass. For instance, the stir zone grain structure for the samples heat

treated for 2400 and 3000 seconds are represented in Figure 3-3.

Table 3-1: Grain radius of the samples heat treated at 448 K for different times.

Heat treatment | Grain Radius
Standard Deviation
Time (S) (pm)
600 1.90 0.11
1200 1.87 0.68
1800 2.18 0.38
2400 233 0.43
3000 2.90 0.52
3600 3.64 0.73
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Figure 3-3: Representative images of the stir zone grain structure: a) sample heat treated for 2400 s

and b) sample heat treated for 3000 s.

To study the microstructural evolution, the general particle controlled
grain growth model (equation 3-1) is used in this work. This model predicts the

change in grain radius with time by taking into account the effect of pinning
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particles on grain boundary mobility [6]. Setting R = R, (here the starting grain

radius is 0.98 um) at # = 0 and solving equation (3-1) one finds that:

A RO_R Rm_RO
in (R =Fo

—t =
R, —R

RZ, R ) (3-2)

In equation (3-2) R,, is the limiting grain size given by:

2r

Ry = —
m = 3y,

(3-3)

where r and V; are the radius and volume fraction of the particles respectively.
Although 5XXX series aluminum alloys are not categorized among the
precipitation hardened alloys, depending on the chemical composition of the alloy
different second phase particles may be present in the microstructure. As
discussed in Chapter 2, Als(Mn,Fe), AlsFe, Mg,Si, Al;(Fe,Cr), AlsMgs, Alj;Cra,
Al3(Cr,Mn),, Aljx(Fe,Mn);Si, Als(Mn,Fe,Cu) and Al;Zr particles are generally
found in 5XXX series aluminum alloys [14, 23-31]. A detailed investigation was
performed to study the properties of the particles present in Al 5059 alloy (refer to
section 2.3.1) and it was shown that the majority of the particles are Als(Mn,Fe)
types of inclusions with two morphologies: elongated and round or cubic. Based
on several TEM images, it was found that only round particles are effective in
pinning the grain boundaries in our samples (an example is shown in Figure 3-4)
therefore for calculating R, the radius (r = 0.102 pm) and volume fraction (Vi =
0.015) of round particles were only considered which gives R, = 4.53 um (the

limiting grain size would be d,,, = 9 pm).
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Figure 3-4: TEM micrograph of friction stir processed Al 5059 showing pinning of a grain
boundary by a rhomboidal particle.

Figure 3-5 shows the temperature variations vs. time obtained from the
thermocouple embedded in the pin of the tool as indicated in Figure 3-1. The
thermocouple captured a maximum temperature of 432 °C (705 K). As shown in
Figure 2-4, ThermoCalc analysis showed that the available particles are stable
within this temperature range; therefore precipitates dissolution and

reprecipitation are not expected to happen during FSP.
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Figure 3-5: Temperature variations during friction stir processing of Al 5059 alloy at a rotation

speed of 454 rpm and travel speed of 33 mm/min, location of the thermocouple is shown in Figure

Figure 3-6 shows the grain sizes achieved after heat treatment along with a

fitted graph in the form of equation 3-1. The calculated value for R,, was used
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Figure 3-6: Measured stir zone grain radius of samples heat treated for different times. The line

shows the fitted curve.
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Based on the fitted curve on the experimental data (Figure 3-6) the average
value for reduced grain boundary mobility would be A = 2.7 x 107> m?/s. It is
also possible to calculate 4 using the material properties of Al 5059 alloy. 4 is

given by:

A=My (3.4)

where M is the high angle grain boundary mobility and y is the high angle
grain boundary energy. We know that ¥ =~ 0.3 J/m?for aluminum and its alloys
[7] and M can be calculated by the following equation [32, 33]:

b
M = §,D%B X7 (3.5

where 8 is the thickness of the grain boundary (6; = 5 x 1071%m for
aluminum [34]), D%Bis the coefficient for grain boundary diffusion, b is Burgers
vector (b = 2.86 x 107 1%n for aluminum), K is the Boltzmann constant and 7 is
absolute temperature (here T = 448 K). Equation 3.5 is generally used for pure
metals where the migration of high angle grain boundaries is controlled by the
diffusion of atoms across the boundary, therefore for pure metals the self-
diffusion coefficient should be inserted in the equation [32, 33]. It is well-known
that addition of alloying elements strongly affects the grain boundary mobility by
the so called solute drag [6, 35, 36]; for example Ivanov has shown that increasing
the Mg content from 0.2x107> to 0.1 wt. % decreases the boundary mobility by

more than one order of magnitude [37]. The main alloying element in the Al 5059
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alloy is magnesium (more than 5 wt.%) therefore we have here ignored other
alloying elements. In metallic alloys with high concentration of alloying elements
where the solute drag effect is strong, the grain boundary migration changes from
being controlled by grain boundary self-diffusion to grain boundary diffusion of
the slowest diffusing alloying element [6]. Ivanov has experimentally studied this
phenomena for different concentrations of magnesium in aluminum alloys [37]. It
is therefore reasonable to put the coefficient for grain boundary diffusion of
magnesium in aluminum as DB in equation (3.5). According to Kamp et al. [38]

the Arrhenius relation for grain boundary diffusion of magnesium in aluminum is:

(3.6)

—115000
Difs =1x1073 - exp <—>

R,T

where R, is the universal gas constant. At T = 448 K Equation (3.6) gives Dﬁ,g =

4 x 10717 m?/s. Now based on equations (3.4) and (3.5) A = 2.1 x 10717 m?/s;

this value is comparable to the value obtained from the experimental data.

3.3.2 Microstructure — Hardness Relationship

Figure 3-7 shows the hardness values for samples with different grain
sizes. It can be seen that the alloy indicates a Hall-Petch behavior (equation 1.7)
with the constants being Hy = 86 Hv and kH = 16 Hv.um"”. The value of kh is in
good agreement with the value of 14 Hv.um0.5 reported for Al 5083 [39]. It

should be noted that all the samples shown in Figure 3-7 are prepared with a
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single pass FSP with similar conditions so no change in the properties of the
particles is expected and the only difference between the samples arises from the

difference in grain sizes.
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Figure 3-7: Effect of grain size on hardness friction stir processed Al 5059.

Furthermore, to investigate the effect of dislocation density on hardness
two samples were rolled after FSP and one was annealed afterwards for 20 min at
423 K. This annealing is just enough to cause recovery but no grain growth is
expected to happen. Figure 3-8 shows the microstructure of these two samples.
Due to the extremely high dislocation content and poor contrast formed around
dislocation clusters, it was difficult to measure the grain sizes using the TEM
micrographs; however it is clear that the annealed sample has a significantly

lower dislocation density, see Figure 3-8.
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Figure 3-8: Dislocation structures in friction stir processed Al 5059 a) rolled only sample and b)

rolled and annealed sample.
Despite the difference in dislocation density these two samples had similar
hardness value around 97.5 + 1.6 HV. Based on the TEM micrographs in Figure

3-8, the annealing produced a change in microstructure from a network of highly

97



deformed subgrains to slightly finer grains with lower dislocation density that
correspond to the early stage of recrystallization. This transition from a deformed
structure to finer grain structure would result in a trade-off between work
hardening and grain boundary strengthening, an in this case these mechanisms
appear to have a nearly equal influence on the overall hardness.

The results indicated by Figures 3-7 and 3-8 mainly indicate that the
contribution of grain size and dislocation density is not very significant in terms
of the strengthening of the Al 5059 alloy. Under these circumstances, one would
then expect to relate most of the changes in hardness or yield strength in FSP
fabricated composites using this alloy to the potential contribution of the
reinforcing particles alone, since the properties of the matrix will not be

significantly enhanced when its grain size is refined, or work hardening increases.

3.4 Summary and Conclusions

Microstructural evolution of Al 5059 during friction stir processing and

subsequent heat treatment is studied and the following were found:

1- Microstructure of the starting material contains different particles the

majority of which are Alg(Mn,Fe) type particles.

2- Two morphologies of particles were detected and it is showed that only

the rhomboidal particles are effective in pinning the grain boundaries.
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3- During FSP maximum temperature of the stir zone was measured to be
643 K and ThermoCalc analysis confirmed that no dissolution happens

up to this 643 K in Al 5059.

4- No significant grain growth happens during friction stir processing in
Al 5059 because of the effect of Mg on decreasing the grain boundary

mobility.

5- As a result of high Mg content in Al 5059 grain boundary migration is
controlled by diffusion of Mg atoms into Al rather than by self-diffusion

of Al atoms.

6- Grain size of samples heat treated at 448 K can be related to time using

the particle controlled grain growth model.

Microhardness measurements also revealed that hardness of friction stir
processed Al 5059 follows Hall-Petch relationship and it was shown that particles
and dislocation density play a minor role in strengthening compared to grain

boundaries.
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4 Dispersion of Reinforcement in Composites Fabricated Using FSP'

' A version of this chapter has been published: H. Izadi, A. Gerlich, Distribution and stability of
carbon nanotubes during multi-pass friction stir processing of carbon nanotube/aluminum
composites, Carbon 50 (2012) p 4744 —474 9.
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4.1 Overview

Friction stir processing has been shown to be a possible method for
distributing reinforcing particles into a metallic matrix and a variety of composites
has been fabricated using this process [1-10]. As shown in Figure 4-1, for
composite fabrication by FSP, first a groove or a number of holes are machined
on the surface of the matrix metal and the reinforcement is inserted into the
groove/holes; then single or multi-pass FSP is performed along the groove.
Material flow induced by the pin mixes the two materials and a composite layer is
achieved. In addition to the forcible mixing involved with this process, another
beneficial feature of friction stir processing is that no bulk melting occurs during
the process [11], therefore deterioration of mechanical properties or dissolution of
the reinforcing material may be suppressed, and these are typical problems in
casting and powder metallurgy based metal matrix composite fabrication
techniques.

As discussed in Chapter 1, FSP parameters can significantly influence the
distribution of the reinforcing phase and hence affect the properties of the
composite. Therefore a strategy to fabricate MMCs with uniform distribution of
particles should be based on a reasonable understanding of friction stir processing.
In this regard, proper rotation and travel speeds and tool geometry must be
designated to impose the desired material flow and consequently the desired
particle distribution. In addition to the particle distribution, the effect of FSP
parameters on the properties of the matrix metal should also considered. In the

present chapter it will be discussed how the current understanding of FSP can be
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utilized to design a composite fabrication technique that achieves a uniform
distribution of the reinforcing phase along with enhanced mechanical properties
of the matrix. The results observed in Al 5059/A1,0; and Al 5059/MWCNT

composites produced via the proposed method will also be discussed.

FSP =
direction j\:
Shoulder —
A P
'33"‘"- .----"i’nﬂl Pin
p

Figure 4-1: Schematic of composite fabrication process by FSP [12].

Ceramic particles such as Al,O3, SiC or B4C can be added to aluminum for
fabrication of composites with improved properties. Among these Al/AlO;
composites have attracted more attention due to their greater availability and ease
of production or processing methods and lower reactivity between aluminum and
alumina [13-15]. In particular, addition of Al,O3 to aluminum is known to be an
effective and relatively inexpensive technique to improve wear resistance of
aluminum and its alloys [15-17]. Currently most of aluminum matrix composites
are fabricated through casting or powder metallurgy methods, both of which
involve high temperatures that can negatively affect the mechanical properties of

the composite [15, 18, 19]. Recently solid-state processes such as FSP have been
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also used for aluminum matrix composite fabrication [17, 20, 21]. For example, it
is shown that FSP can be utilized to produce A356/Al,0; composites which
provide approximately a 30 Hv increase in the hardness [22]. Raaft er al. have
produced A390/A1,03 composites by FSP and have shown that increasing the tool
rotation speed or decreasing the traverse speed result in a more uniform
distribution of the alumina particles [23]. They have also reported a higher wear
resistance for the composite samples. Sharifitabar et al. have used a multi-pass
FSP technique to fabricate Al 5052/nano Al,O; composites [24],and show that
increasing the number of FSP passes to up to 4 passes improves the ultimate
tensile and yield strength.

Given the exceptional mechanical properties of carbon nanotubes (CNTs),
they are considered one of the most promising reinforcing materials for metal
matrix composite production [25]. Although different production techniques have
been successfully applied to incorporate CNTs to metals, obtaining a uniform
distribution is still a challenge even though a great deal of research has aimed at
addressing this issue [26-28]. Recently, friction stir processing (FSP) has been
applied to disperse CNTs into alloy plates in order to fabricate metal matrix
composites [4, 29-31], however achieving a uniform distribution along with a
high concentration of CNT material has yet to be demonstrated. For example,
Morisada et al. [4] used friction stir processing to fabricate AZ31/multi-walled
CNT composite using different processing parameters, and concluded that the best
distribution is achieved by using a relatively high rotation speed (1500 rpm) with

a travel speed of 25 mm/min. An improvement in hardness by 50% was reported
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for the composite compared to the unreinforced friction stir processed alloy, and
this was attributed to a combination of grain refinement and strengthening due to
the presence of multi-walled carbon nanotubes (MWCNTSs).

Another major issue related to composite fabrication by FSP is the
survivability of the CNT material during the severe deformation at high
temperatures. The stability of the structure of CNTs in the presence of aluminum
at elevated temperatures has been studied, and the formation of aluminum carbide
(Al4C5) may occur particularly when the processing temperatures exceed 723 K
[32, 33]. However it should be noted that the surface of the CNT structure does
not react with Al even at high temperatures [34] and carbide formation
preferentially occurs at defect sites and along the residual amorphous carbon
layers on the surface of CNTs [35, 36]. A similar effect was observed during hot
pressing of AI/CNT composite at 793 K, in which Al4C; formed at the interface of
the CNT and aluminum due to a reaction with the amorphous carbon on the CNT
surfaces [37]. Choi ef al. [38] have shown that carbides rarely form if fullerenes
are individually dispersed in Al which is related to the low diffusivity of carbon in
Al at temperatures around 773 K. It was also noted that when Al 2024/MWCNT
alloy composite was fabricated from powders sintered at 873 K and 25 MPa,
degradation of CNT into Al4C; depended heavily on the surface condition and
presence of impurities such as Al,O; at the interface [39].

The stability of single-walled carbon nanotubes (SWCNTs) in Al 7075
matrix during friction stir processing has been studied by Johannes ez al. [30], and

by the use of Raman spectroscopy it was shown that SWCNTSs survive processing
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with a tool rotation speed of 400 rpm and a travel speed of 25.4 mm/min. In
another work Lim et al. [29] have studied the effects of FSP rotation speed on the
distribution of MWCNTs in Al 7075 and the hardness of the composite. Scanning
electron microscope (SEM) and transition electron microscope (TEM) were used
to confirm that the multi-walled structure of the CNTs used survive FSP when
rotation speeds from 1500 to 2500 rpm are used, however some evidence of
fracture was noted. It was shown that increasing rotation speed and tool shoulder
penetration depth may enhance the distribution but a uniform distribution was not
achieved using one FSP pass. Xu et al. [31] have reported that adding CNTs by
friction stir processing significantly improves wear properties of Al 1060,
however the distribution and survivability of the CNTs were not examined.

This section will discuss how applying the proposed multi-tool multi-pass
FSP technique can be used to fabricate aluminum based composites with uniform
distribution of the particles and improved mechanical properties. In addition since
prior work suggests that FSP can influence the CNTs their stability is also studied

in detail by different electron microscopy techniques.

4.2 Experimental Procedure

Fabrication of the composites involved 6.3 mm thick Al 5059 alloy matrix
material with a composition of Al-5.26Mg-0.79Mn-0.5Zn-0.09Fe-0.07Si-0.02Ti,
which was in the rolled and H131 temper condition. Alumina particles with two

different sizes were used, see Figure 4-2.
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Figure 4-2: SEM micrograph showing a) 10 um sized alumina particles and b) 5 um agglomerates

of alumina nanoparticles.

Figure 4-2-a shows the larger alumina particles with an average size of 10
pum and Figure 4-2-b shows the smaller particles which are in the form of 5 pm
clusters and can be broken into 80 — 120 nm sized particles. For the initials tests
the micron sized alumina particles were used to determine the correct combination

of process parameters that gives a uniform particle distribution. After more than
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30 to 40 tests were performed with the micron sized particles, the developed
parameters were tested using the nanosized particles.
The MWCNT material had a nominal diameter of 30 to 50 nm, and axial

length of 1 to 2 pm, Figure 4-3.

Figure 4-3: TEM micrograph showing the as-received CNTs.

The reinforcing phase was introduced into a 2.5 mm wide by 1.8 mm deep
groove that was cut into the plate. This FSP fabrication procedure has been well
documented elsewhere [40, 41], however one important detail to note is that
before FSP was performed, the groove was effectively sealed by traversing a
rotating cylindrical tool (with no pin) over the surface of the groove, to
encapsulate the particles and prevent them from ejecting out of the groove during
processing [3, 12, 20, 42]. FSP was then performed using 3 passes, first using a
tool with a simple 4 mm diameter threaded pin and 10 mm shoulder (at 1130
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rpm), followed by up to two additional passes with a tool comprising a 5 mm
diameter pin and 12 mm shoulder (at 1130 rpm in a clockwise direction and 454
rpm in a counter clockwise direction respectively) using a constant travel speed of
30 mm/min. The final pass was performed with a 0.2 mm shorter pin, which
provided a more homogenous stir zone as will be illustrated in the results to
follow. The exact tool geometries are described in detail in Chapter 2.
Microstructures were characterized using a JEOL JAMP-9500F SEM
equipped with Auger electron spectroscope (AES) and a JEOL 2010 TEM
operating at 200 keV. High resolution TEM (HRTEM) was also conducted using
an FEI Titan 80-300 microscope operating at 300 keV. Samples were prepared
for TEM examination using a twin jet electropolisher, in a solution of 30 vol.% of
HNOs and 70 vol.% of methanol at a temperature of -35 °C (238 K) and voltage
of 12 V. Microhardness was performed by a Vickers Microhardness machine with
a load of 200 g and a dwell time of 15 s. The volume fraction of the reinforcing
phase in the composites was calculated using image analysis of SEM and TEM
micrographs, and is reported as an average *+ one standard deviation for a

minimum of 10 numbers of fields analyzed in either microscopy technique.

4.3 Results and Discussion
4.3.1 Fabrication of Al 5059/Alumina Composite
During fabrication of the MMC material, the key issues in establishing a

uniform and large fraction of reinforcing particles relate to the processing

112



conditions. In particular the tool geometry and parameters used control the
material flow and consolidation of material in the stir zone. One of the most
significant challenges is in trying to achieve a uniform distribution with a single
pass, however due to the material flow and intermixing mechanisms which are
imposed by the tool, it was not possible to achieve a uniform distribution with a
single pass. Figure 4-4-a shows the results produced when a single pass with the
3-flat tool is used during FSP, and the majority of material is displaced towards
the advancing side of the stir zone. This has been previously confirmed for
different composites produced by one FSP pass [21, 29, 43]. When two passes are
used, this remained the case. However, when the direction of tool rotation was
reversed during the second pass, the particle distribution became more uniform,

see Figure 4-4-b.

Advancing
side

b)

Figure 4-4: Optical micrographs of cross-sectioned FSP specimens produced using 454 RPM, a
travel speed of 20 mm/min, and 10 um alumina particles when a) one pass is used and b) two

passes are used with a 3-flat tool geometry.

The accumulation of particles which was induced on the advancing side

has been balanced by changing the tool rotation direction with alternating passes.
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However, the distribution in the upper and low regions of the stir zone was quite
different, and the hardness distribution was very non-uniform.

In order to further optimize the distribution of particles from the upper and
lower portions of the stir zone, a simple threaded tool was used to disperse the
particles vertically, before two additional passes were performed using the 3-flat
tool which provides a finer matrix grain structure [44]. When this three-pass
process was applied, the distribution of reinforcing particles was much more

uniform in the upper and lower portions of the stir zone, as shown in Figure 4-5.

"~ Bands with

no particles
1 mm

Figure 4-5: Optical micrograph of cross-sectioned FSP specimen produced using 10 pm alumina

particles when a 3-pass approach was used with a constant pin length.

However, there remained two bands of material which were devoid of
reinforcing particles, as noted in Figure 4-5. These were expected to result from
the incorporation of the aluminum alloy material on the outer boundary of the stir
zone due to the recirculating flow produced by the tool during the final pass. This
recirculating flow has been studied in a number of prior studies, for example see
[45], and the incorporation of the aluminum alloy material is a result of the
penetration of the tool into the surface of the FSP material during the final pass.
The penetration of the tool occurs as a result of the thermal softening of the

material during FSP, and is inevitable since sufficient axial force must be applied
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in order to prevent the formation of voids and defects within the stir zone and
achieve particle distribution during FSP.

In order to avoid incorporating unreinforced aluminum alloy material into
the stir zone during the final pass, a 3-flat tool with a slightly shorter tool pin (1.9
mm rather than 2.2 mm long) was used for the third pass. This ensured that when
the tool penetrated into the plate, the pin did not mix new material from below the
FSP region into the stir zone. This method allowed a stir zone with a uniform
distribution of particles to be produced, with both micro-scale and nano-scale
reinforcing particles. The optical micrograph shown in Figure 4-6 was produced
when the proposed conditions were used in conjunction with alumina
nanoparticles. The final pass was conducted with a slightly shorter pin to prevent
the intermixing of new material into the stir zone, resulting in a uniform

distribution of particles in the stir zone.

Figure 4-6: Optical micrograph of cross-sectioned FSP specimen produced using 20 nm alumina

particles when a 3-pass approach was used with the parameters described in the Table.

Figure 4-7 shows the TEM micrographs obtained from the stir zone of the

composite shown in Figure 4-6. Figure 4-7-a confirms that the Sum agglomerates
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were mostly fragmented during the fabrication process. However, as shown in

Figure 4-7-b, they still appear to be partially agglomerated.

Figure 4-7: TEM micrographs showing a) microstructure of the Al 5059/nano Al,0; composite
produced with the proposed FSP technique, b) an Al,O; particle inside the composite.

Figure 4-8 shows the microhardness of Al 5059/nano Al,O; produced
using different number of FSP passes, the indentations were performed along a
line across the bottom of stir zone as shown in Figure 4-6 for the sample prepared
with 3 passes. It is clear that a single FSP pass cannot achieve a uniform
distribution, and a large scatter is observed in the hardness values. However, after
2 and 3 passes the hardness is more uniform along the stir zone. It should be noted
that although the third pass does not significantly change the hardness at the
bottom of stir zone (where the hardness results are from) instead it uniformly
distributes the particles at top region of the stir zone, see Figure 4-4-b and Figure

4-6 for comparison. It is also obvious from Figure 4-8 that addition of nano
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alumina particles has increased the hardness of the matrix from about 84 + 3 Hv
to about 97 + 3 Hv. One might expect higher hardness values when nano particles
are used. In this regard a possible reason for the relatively lower hardness
improvement observed here can be the residual agglomeration in the particles, see

Figure 4-7-b.
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Figure 4-8: Microhardness distribution when FSP procedure is conducted in 1 to 3 passes.

4.3.2 Fabrication of Al 5059/CNT composite

4.3.2.1 Microstructure and distribution of CNT material

Figure 4.9 shows the optical micrographs of the samples after FSP using 2
and 3 passes, along with the corresponding microhardness profiles. In the sample
processed using 2 passes, the distribution of the reinforcing material is uniform

across the stir zone where the hardness measurements were made, however a layer
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of unreinforced material (indicated by an arrow) has been transferred from the
retreating to the advancing side closer to the surface of the plate. This flow from
retreating to advancing side just under the tool shoulder is widely observed in
friction stir welding, and is sometimes described as the ‘flow arm’ [41].There is
also some vague evidence of ‘onion ring’ type flow patterns formed within the stir
zone when 2 passes are applied, suggesting some segregation of the reinforcing
material is present. There is a peak in hardness which occurs on the stir zone
boundary at the advancing side in both micrographs shown in Figure 4-9, which
indicates that some accumulation of the CNT material occurred on that side,
which is consistent with the other observations of material movement from
advancing to retreating side.

In order to homogenize the distribution of reinforcing material, a third FSP
pass was performed with the tool rotation reversed. This appears to suppress the
formation of the flow arm containing unreinforced material, and provides more
uniform hardness values across the stir zone (see Figure 4-9). For example, when
3 passes are applied, there is no evidence of particle segregation, banded structure,
or material flow patterns within the stir zone region. Some intermixed material is
only evident near the surface of the plate, above the central stir zone region. The
formation of flow patterns consisting of lamellae was noted in previous work
involving FSP composite fabrication with a single pass, where the reinforcing
particles were found to segregate along bands produced by the material flow

around the tool [4, 29].
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Figure 4-9: a) Optical micrographs of the composites made by FSP utilizing 2 and 3 passes, and b)

microhardness profiles corresponding with the line locations indicated in the micrographs.

When examining the stir zone of friction stir processed composites, the
formation of onion ring structures generally produces very scattered
microhardness profiles [29, 43, 46, 47]. There is no evidence of the lamellae or
onion ring formation after 3 passes, and this is supported by the uniform
microhardness distribution in the stir zone which suggests that a uniform

distribution of reinforcing particles has been achieved.
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4.3.2.2 Microhardness measurements and CNT survivability

Figure 4-9-b shows the microhardness profiles of the two samples. The
average microhardness along the stir zone of the 2 passes and 3 passes samples
are 152 £ 7 Hv and 169 £+ 6 Hv respectively, compared to 84 + 3 Hv for the base
metal. It should be considered that during the fabrication process, there is always
some loss of the reinforcing material, making it virtually impossible to fabricate
two samples with identical concentrations using 2 and 3 passes. Therefore, in
addition to process parameters, the volume fraction and hardening contribution of
the reinforcing material have an influence on these microhardness values; this will
be discussed later in this section. The microhardness of the sample produced using
3 passes is approximately two times higher than that of the base material, and this
enhancement can be attributed to the effects of high volume percentage of the
reinforcement on direct strengthening and grain refinement. Dynamic
recrystallization during friction stir processing leads to the formation of fine
grains that gradually grow during the cooling to room temperature after the tool
passes. It has been shown that different carbon nano-structures remarkably limit
grain growth during friction stir processing by pinning the grain boundaries [4,
46, 48]. Morisada et al. [46] have reported submicron size grains for friction stir
processed Al 5083 (which has similar composition to Al 5059) in the presence of
fullerenes. They have also shown the MWCNTs can effectively retard grain
growth due to pinning of grain boundaries in AZ31/MWCNT composite
fabricated by friction stir processing [4]. The grain size measured by TEM (after

quantification of several fields) indicates that the grains in the 3 passes sample
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were in the range of 200 to 500 nm, while 1 to 2 micron sized grains were found
in the 2 passes sample. TEM micrographs of the 2 and 3 passes friction stir
processed samples are indicated in Figure 4-10 and Figure 4-11, where a sub-
micron sized grain can be seen in Figure 4-11-a after 3 FSP passes.

A striking change in the morphology of the reinforcing phase is evident in
the TEM micrographs shown for the 2 and 3 passes samples in Figure 4-10 and

Figure 4-11.

(k)

50 nm

Figure 4-10: TEM micrographs of the composite material in the stir zone after 2 FSP passes,
showing a) CNTs which survived 2 friction stir passes are indicated with arrows, and b) circular

carbon structures.
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Previous studies have shown that CNTs may survive a single friction stir
processing cycle [4, 29] as well as other severe plastic deformation processes
including accumulative roll-bonding [49] and equal channel angular pressing [50].
However it is clear that CNT failure occurs under the high shear stresses during
high energy ball milling; for example Li ef al. [51] and Ahn et al. [52] have
shown that multi-walled CNTs transform to fine spheres during prolonged milling
cycles.

When damage of the CNT walls occurs [53, 54], the formation of new
structures such as carbon onion are possible [54], and this has been reported in
CNT metal matrix composites production by spark plasma sintering which
involves high temperatures and pressures. It has also been indicated that the
deformation mechanism of MWCNTs at high strain rates (as in the case of FSP) is
conducive to the formation of spherical structures such as carbon onion during
high velocity impacts [55]. After 2 passes, extensive damage and fracture of the
CNTs occur (shown in Figure 4-10-a), and spherical shelled carbon structures
could be observed as well (see Figure 4-10-b). In these cases, an important factor
facilitating the transformation is the progressive damage of the outer walls into
broken graphitic shells, and these may then curl up into spheroidal structures in
order to eliminate dangling bonds [56]. After 2 passes using FSP, a large number
of tubular nano-structures are observed, however it is clear that their axial lengths
(approximately 100 to 200 nm) are about 10 times shorter than the initial CNT

material, and some even begin to assume circular structures (see Figure 4-10-b).
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Figure 4-11: TEM micrograph of a) the stir zone of the sample processed with 3 passes in which

no CNTs were found, and b) HRTEM image of the nanoparticles formed after 3 passes.

The final structure of the carbon after 3 passes appears to be mainly
polyaromatic carbon structures as shown in Figure 4-11, and this has also been
noted to form in SWCNTs during prolonged ball milling [57]. The present
findings show that the high shear stresses along with the elevated temperatures in

the stir zone have a detrimental influence on the MWCNT structure during
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friction stir processing. In the case of FSP utilizing 3 passes, no MWCNT was
found and the reinforcing material was in the form of spherical particles as shown
in Figure 4-11. High resolution TEM was used to further analyse the newly
formed particles and revealed the presence of polyaromatic carbon shells and
aluminum carbide (Al4C;) in the microstructure, and an example of the measured
inter-layer spacing values is represented in Figure 4-11-b. The lattice fringes
labelled correspond with the 0.23 nm spacing for the Al (111) matrix, and the 0.25
nm spacing for the (101) plane of ALC; which was observed within the middle of
the particle [38]. The outer surface and regions between particles contained
carbon structures with inter-planar spacings labelled as 0.344 nm which
correspond to polyaromatic carbon structures, [58, 59] and 0.366 nm for
turbostratic carbon [60] which form after severe deformation. It should be noted
that the majority of the interior of the particle did not have a clear crystalline
structure corresponding with the 0.25 nm lattice labelled in Figure 4-11-b. Since
the morphology of Al4C; that forms in AI/CNT or Al/carbon fiber composites has
been reported by different researchers to be needle-like or lath-like [33-35, 61,
62], it is likely that only a part of the carbon nanostructures have formed Al4Cs,
and the remainder of the particle consists of the polyaromatic and turbostratic
carbon.

A SEM micrograph of the composite produced using 3 passes is shown in

Figure 4-12, along with an AES map for carbon obtained from a selected region.
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(b)

Figure 4-12: a) SEM micrograph and b) AES map for carbon, both obtained from the center of the

stir zone of the 3 passes sample, red areas are almost pure Carbon.

The AES map confirms that there is a uniform distribution of carbon rich
nanometer sized particles. The volume fraction of these secondary particles was
measured using an image analysing software. The average volume fraction
measurements from several SEM and TEM images indicate that the 2 and 3

passes samples contain 23 + 2.5 vol.% and 52 + 2.1 vol.% of the reinforcing
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material respectively. It should be noted that although the same dimensions were
used for the groove containing CNTs during FSP, the higher fraction observed
after 3 passes likely resulted from possible variations in CNT powder packing and
progressively increased penetration of the tool during FSP. The volume fraction
of the CNTs in the composites produced previously by different techniques is up
to around 20 vol.%, for example see [28, 36, 63, 64], which implies the FSP
fabrication method is a potential route to produce CNT metal matrix composites
with the highest reinforcing material content, although the integrity of the CNTs
rapidly degrades when multiple passes are applied to improve homogeneity.
Though it has been previously noted that CNT material is effective in blocking
crack propagation in AI/CNT composites by bridging [65], it is of interest to note
this will not be likely in this material due to their low aspect ratio.

To further investigate the contribution of the reinforcing phase on the
microhardness values, the rule of mixtures (Heomposic = HmatrixVimatrix +
Hparticle Vparticles» Where V' is the volume fraction and / is the hardness) was applied
to compare the hardness for the samples with different CNT concentrations after 2
and 3 passes. Though the authors acknowledge this is a simplistic view of the
reinforcing contribution of the carbon nanostructures to the composite, it is a
direct way to compare the average relative strengthening efficiency of the two
structures obtained after 2 versus 3 passes, without making any assumptions
regarding their properties. When the values for the composite hardness and Al
5059 matrix hardness (90 Hv £3 when friction stir processed under the same

conditions) are substituted, the effective hardness of the reinforcing phase is
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calculated to be 372 Hv for sample with 2 passes and 243 Hv for sample with 3
passes, which is far lower than that expected for MWCNT material. Therefore,
although the concentration of the CNT based material was lower in the 2 passes
sample, the strengthening contribution was higher owing to the fact that more of
the multi-walled tubular structure was still preserved. In the case of the 3 passes
sample, the strengthening contribution was lower since all of the CNT material
transformed into particles with an aspect ratio close to 1, and the structural
changes have had a deleterious effect on the properties of these carbon

nanostructures.

4.4 Summary and Conclusion

It is possible to fabricate aluminum based metal matrix composites by
multi-pass FSP with different tools and processing conditions which are selected
according to material flow during FSP. The results of Al 5059/A1,05 and Al
5059/MWCNT composites produced using the proposed technique are presented
in this chapter. It was shown that in both cases the reinforcement was uniformly
distributed within the stir zone region and lead to an increase in the hardness. The
improvement in the hardness is attributed to the effect of the reinforcing material
on direct strengthening and grain refinement. In the case of Al S059/MWCNT a
composite with high volume percentage of nano-structured reinforcement was
produced and a hardness increase of 2 times was achieved. Although observations

confirmed that the MWCNTs maintained their multi-walled structure after 2
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passes, a uniform distribution requires 3 passes in which case the stability of the

MWCNT material could not be preserved.
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5.1 Conclusions

Friction stir processing has been used as a tool for microstructural
modification, in which fine grains form as a result of dynamic recrystallization. In
the case of Al 5059 alloy these fine grains do not grow during the cooling cycle
because of the effect of magnesium on decreasing the grain boundary mobility in
aluminum alloys. The amount of heat generated during FSP directly depends on
the rotation speed therefore in order to achieve smaller grains the lowest rotation
speed that gives a defect free stir zone should be utilized. On the other hand a tool
with a 3-flat threaded pin produced the smallest grains, therefore in the range of
the parameters studied during this thesis work, a 3-flat tool with a rotation speed
of 454 rpm generated smallest grains. It should be mentioned that these
parameters can also be used for friction stir welding of Al 5059.

Commercial Al 5XXX series or Al-Mg based alloys usually contain a
significant amount of particles; and in Al 5059 the majority of particles present
are Als(Mn,Fe) type precipitates. ThermoCalc analysis showed that dissolution of
these particles is not likely to happen during FSP but stresses and thermal cycles
associated with FSP can break up these particles and affect mechanical properties
of the alloy. Firstly, such particles are shown to preferably form on grain
boundaries and promote fracture by enhancing void formation and coalescence.
Secondly they influence the work hardening behaviour of the alloy. Therefore
particle fragmentation during FSP improves ductility by eliminating those grain
boundary particles and also by increasing the work hardening rate. While the

ductility of Al 5059 alloy may be noticeably improved by FSP, the strength of the
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alloy does not very significantly increase after FSP. This suggests adding
secondary particles can be considered to be a more effective method for
strengthening.

Particles also pin the grain boundaries and control grain boundary
migration, therefore a particle controlled grain growth model can be used to study
the relation between grain size and annealing time during heat treatment of
friction stir processed Al 5059. With the use of this model a limiting grain size
can be also obtained for a given annealing temperature. This limiting grain size is
the maximum grain size that can be reached at a given temperature and depends
on the volume fraction and radius of the pinning particles.

FSP can be utilized for fabrication of metal matrix composites but the
distribution of the reinforcement in the matrix depends on the process parameters
such as tool geometry, rotation speed and number of passes. In this regard a multi-
pass FSP technique with different tools and processing conditions was developed
based on iterative testing and microstructure analysis. The parameters developed
for production of Al 5059/Al,03 and Al 5059/MWCNT composites produced a
uniform distribution of the reinforcing phase within the stir zone region. The
fabricated composites show significantly improved mechanical properties due to a
homogeneous dispersion of the particles in the stir zone, and refined matrix
microstructure. It should be noted that the severe plastic deformation and
relatively high temperatures associated with FSP may have a detrimental effect on

the structure of the reinforcement, as this effect was observed in the case of Al
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5059/MWCNT where CNTs completely transformed to other carbon

nanostructures after 3 FSP passes .

5.2 Recommendations

1. While a comprehensive characterization was performed on the particles
present in Al 5059 using TEM microscopy and ThermoCalc analysis a more
detailed investigation is suggested to see if a relation can be found between the
morphology and chemical composition of the particles, and if an orientation
relation can be found between the particles and the matrix. These will help to
recognize the pinning particles from those that do not affect grain boundaries.
More studies are also recommended to find out how the aspect ratio of the
particles can affect grain boundary mobility and grain growth.

2. It is suggested to heat treat friction stir processed Al 5059 at different
temperatures and investigate the grain growth behaviour (normal vs. abnormal
grain growth).

3. The Hall-Petch relation was shown to be valid within the range of grain
sizes achieved in this work. It is suggested to produce samples with smaller grain
sizes and study the grain size/hardness relation in the submicron range.

4. The proposed composite fabrication technique was tested for micron
and nanosized alumina particles and MWCNTs. It is suggested to apply this
technique for other reinforcements with different chemical compositions, sizes
and aspect ratios. Using a combination of two or more types of particles is also an

interesting topic for future work.
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5. While tool wear was not a serious problem during production of CNT
and alumina reinforced composites, it can be a limitation for other cases. It is
suggested to perform a systematic study on tool wear during fabrication of
composites with different types, volume fractions and sizes of the reinforcing
particles.

6. It was shown that the CNTs did not survive the fabrication process. Use
of CNTs with properties (such as length or number of walls) different from the
ones used in this study is suggested to see if the stability depends on the properties
of the CNTs or not. This aspect of the process may also be used in a positive way
to change a cheap particle to a hard and effective reinforcement. In this regard it is
suggested to use graphite particles as the starting reinforcement and see if they

transform to harder carbon phases during the process.
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