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Abstract

In this study, firstly, in order to achieve fine grains in solid solution strengthened AZ31
magnesium alloy by friction stir processing (FSP), various efforts have been made. It has
found that with a newly designed cooling system, the microstructure of commercial AZ31
alloy can be refined dramatically by carefully controlling the FSP parameters. It is of
scientific interest that nanometer grains have been observed in the resultant microstructure for
the AZ aloy experienced by two-pass FSP.  Besides, in order to modify the microstructure
and mechanical properties, FSPis also applied to incorporate AZ31 Mg aloy with nano-ZrO,
particles, nano-SIO, particles and different fractions of Al and Zn elements. The
microstructure and mechanical properties of the modified alloy and composite samples are

investigated and compared.

By one-pass FSP coupled with rapid heat sink from liquid nitrogen cooling approach,
the ultrafine grain size in AZ31 Mg aloy is successfully achieved. The grain boundaries are
well defined and the mean grain size can be refined to 100~300 nm from the initial 75 um of
commercial AZ31 Mg alloys sheets. The ultrafine grained structure can drastically increases
the microhardness from the initial 50 up to 120 H,, or an increment factor of 2.4 times.
Furthermore, the nanometer grains can be even achieved by two passes FSP coupled with
rapid heat sink. The resulting microstructure exhibits equiaxed grains ranging from 40 nm to
200 nm with an average grain size of less than 100 nm. The nanocrystalline grains can be
characterized by the TEM observations and the diffraction rings in SAD patterns. The highest
hardness point can reach ~150 H, which is equal to triple of the AZ31 matrix, and the mean

hardness a so increases up to around 134 H,,
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Bulk Mg-AZ31 based composites with 10~20 vol% of nano-ZrO, particles and 5~10
vol% of nano-SiO, particles are also successfully fabricated by FSP. The average grain size
of the resultant composites could be effectively refined to 2~4 um, and it demonstrates much
higher hardness values compared to commercial AZ31 billet. Moreover, for the Mg/ZrO,
composite fabricated by one pass and subsequent cooling pass FSP, the recrystallized grain
size could be further refined to 0.4 um with the hardness value of 135 H,. As for
multi-element Mg base alloys fabricated by FSP, high fractions of Al and Zn elements can
result in apparent grain refinement, this can be proved by the broadening of diffraction peaks.
Multi-passes FSP can induce the appearance of intermetallic compounds, however, some of
them are quasi-crystals with icosahedral point group symmetry. The average hardness of the
resultant alloys reachs nearly 350 in H, scale due to the generation of intermetallic

compounds and grain refinement.
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Chapter 1

Introduction

Magnesium alloys have gained increasing interest in transportation industries, because
they can achieve considerable weight reduction of structures. Magnesium has the lowest
density, 1.74 g/cm’, among all light structural metals, such as Al, Mg and Ti. In addition,
magnesium also has the advantage of recyclability, further decreasing the squander of natural
resources. Based on the lower density and recyclability, magnesium alloys have gradually

become the highly potential metallic materials.

Recently, many efforts have been made to produce ultrafine grained structural metallic
materials. Fine grained materials are harder and stronger than those are coarsely grained
because of having greater total grain boundary areas to impede dislocation motion and also
being expected to exhibit superior mechanical properties, including high strength, high
toughness and excellent superplasticity at high strain rates and low temperature [1,2]. Besides,

fine grained Mg alloy possesses better ductility and formability near room temperature [3].

Metal matrix composites, MMCs, have arisen extensive researches, and numerous
applications have been applied in automobiles, aircrafts, aerospace vehicles, and electronic
components. Usually, metals or alloys of light weight and good ductility are adopted to serve
as matrix, such as aluminum, magnesium, titanium or copper alloys. As for the reinforcement,
ceramic materials with high temperature stability, high modulus, and high hardness, such as
carbon fiber, glass fiber, the particulate of SiC, SiO,, Al,Os or TiB,, are commonly introduced

into the matrix. These ceramic materials should not dissolve or react with the metallic matrix.



Due to the particular mechanical and/or physical characteristics of the reinforcement, the
composite properties may be significantly toughened, strengthened, modified or tailored.
Better strength, stiffness, hardness, corrosion and wear resistance are commonly seen in the
reinforced composite. On the other hand, MMCs can maintain the original characteristics of
the matrix such as electric and thermal conductivity. Therefore, the composites with
improved physical and mechanical properties will be used in higher temperature and stricter

environment than that for pure metals or alloys without any reinforcement.

Friction stir welding (FSW) was invented at The Welding Institute (TWI) of UK in 1991
as a solid-state joining technique, and it was initially applied to aluminum alloys [4]. Now,
the progress has been extended into Ti, Mg, Cu alloys and steel. Recently, friction stir
processing (FSP) was developed by Mishra et al. [5,6] as a generic tool for microstructural
modification based on the basic principles of FSW. In this case, a rotating tool is inserted in a
monolithic workpiece for localized microstructural modification for specific property
enhancement. FSP technique has been used to produce surface composite on aluminum
substrate [6], homogenization of powder metallurgy aluminum alloy [7], microstructural
modification of metal matrix composites [8] and property enhancement in cast aluminum

alloys [9].

The success in fabrication of various nano-sized powders, wires or tubes has provided
the new possibility in modifying the existing commercial materials in terms of their
functional or structural characteristics. Except for few reports, the majority of achievements
were focused on the polymer matrix modified by ceramic nano particles so as to significantly
improve its mechanical or physical properties. The addition of nano powders in metallic
alloys has been relatively much less addressed. The grain refining on pure solid solution

AZ31 Mg alloys by other means are unable to reach nano-scale. Also, the efforts to grain
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refinements on Mg alloys by FSP are less reported and the present progresses on pure Mg

alloys are only in micro-scale.

In this study, the goals of grain refinement and high hardness value will be carried out
by optimizing FSP process parameters and cooling facilities. Intensive efforts are made to
refine the grains to nano-scale in Mg base alloys or composites by FSP. Also, the properties
and the relationship between resulting grain size and parameters for the friction stir
processing in AZ31 Mg alloy are systematically examined. The AZ31 Mg alloy is adopted as
the matrix and nano-sized ZrO, and SiO, particulates as reinforcement to fabricate the Mg
matrix composites. FSP is also applied on the dispersion of particulates by the complex
plastic flow of AZ31 Mg matrix during the stirring process. Afterward, the examination and
analyses of microstructures and mechanical properties of the resulting composites and

modified AZ31 Mg alloy by FSP are conducted.

1.1 The developments and applications of magnesium alloys

After magnesium element was discovered by Davy in 1808, nowadays, magnesium
alloys have become one of the most popular materials for structural utilization, especially in
lots of areas of transportation vehicles because of the current global tend toward light-weight
utilization and environmental consciousness. In order to achieve the light-weight goal, it is
necessary to adopt the light metals in structural and non-structural components on the
vehicles. Table 1-1 lists the comparison between the Mg alloys with many common materials.
The advantages of magnesium and magnesium alloys are listed as follows, (a) Low density:
Magnesium is the lightest engineering metal, with a density of 1.74, roughly 1/4 that of steel

and 2/3 that of aluminum. (b) High specific strength: Mg alloys can reach required strength
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with less material which can reduce the product thickness. (¢) Good thermal conductivity: Mg
has better thermal conductivity than equal weight polymeric materials. (d) Good damping and
crash resistance: The damping capability of Mg is better than plastic and aluminum and the
crash resistance is much superior to plastics. (¢) Thin thickness: The thickness of Mg
enclosures used for 3C procducts can be reduced to 0.5 mm (plastic ~ 1 mm) for sufficient
strength. (f) Good castability: Mg can be easily die-cast into complicated shapes with
minimum wall thickness. (g) Excellent electromagnetic shielding capabilities: A thin Mg wall
can effectively shield electromagnetic wave. Mg is a better material than plastic to be used in
the computer, consumer and communication (3C) electronic products. (h) Recyclabilty: Mg
can be easily and economically recycled through proper re-melting procedures. This imposes

a strong benefit over plastics.

Therefore, Mg alloys have potential to replace aluminum alloys or plastics on the
application of the electronic products, or be the important structural materials according to
the advantages mentioned above. Despite the numerous advantages, magnesium alloys
exhibit poor workability due to the hexagonal closed-packed (HCP) crystal structure. Hence,
the shaping of magnesium alloys needs to adopt the die casting, thixomolding [10] or
thixocasting [11] for the present stage. The way to improve the workability of magnesium
alloys will be essential in order to promote mass production of Mg alloys in many different

engineering applications.

1.2 Properties of magnesium alloys

1.2.1 The classification of magnesium alloys



Alloying behavior of magnesium is notable for the variety of elements with which it will
form solid solutions. Therefore, aluminium, zinc, lithium, cerium, silver, zirconium and
thorium are examples of metals that are present in commercial Mg alloys [12]. Magnesium
alloys are usually designed by two capital letters followed by two or three numbers. Table 1-2
[13] presents the standard four-digit ASTM designation system for magnesium alloys and
their temper treatments. In this system the first two letters indicates the main alloying
elements according to the following code: A for aluminium; C for copper; E for rare earths; F
for iron; H for thorium; K for zirconium; L for lithium; Q for silver; Z for zinc and so on. The
first latter is the element with greater quantity, and if they are equal in quality the letters are
listed alphabetically. The two (or one) letters are followed by numbers which represent the
nominal compositions of these main alloying elements in weight percent. For example,
AZ31B-H24 means the alloy contains a nominal 3 wt% aluminum and 1 wt% zinc and is in
the B modification, distinguishing form the same AZ31 that contains the different levels of
impurity. The H24 designation indicates that the alloy is strain-hardened and partially
annealed. The addition of solute elements in Mg alloys is generally helpful for improving its
properties, such as casting capability and corrosion behavior. The effects of the various solute

elements on the mechanical, corrosion and casting behavior are listed in Table 1-3 [14].

1.2.2 The characteristics of magnesium alloys

In recent years, an increasing resource shortage and environmental conditions require
new ways of engineering. By using consistent lightweight construction within all areas of
engineering new potentials can be created. Magnesium is the lightest metallic constructional
material with a density approximately 1.74 g/cm’ represents an attractive possibility for the
lightweight construction. Therefore, the applications of magnesium and magnesium alloys

gradual grow widely. The main applications of magnesium and magnesium alloys can be
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divided into two categories: non-structural applications and structural applications. In the
applications of structural materials, common cast magnesium alloys can be divided into

several systems according to various alloy compositions:

(1) Mg-Al-X systems: The Mg-Al system has been the basis of the most widely used
magnesium casting alloys. Most alloys contain 8-9% aluminium with small amounts of
zinc.

(a) Mg-Al-Zn series alloys: The addition of zinc causes some strengthening such as
AZ91D which has good mechanical property, castability and corrosion resistance.

(b) Mg-Al-Mn series alloys: Such as AM60, AMS50 and AM20 which have good
ductility.

(c) Mg-Al-Si series alloys: Such as AS41 and AS21.

(d) Mg-Al-RE (rare earth elements): Such as AE42 which has the improvements in
creep resistance, ductility, and corrosion resistance.

(2) Mg-Zn-X systems:

(a) Mg-Zn-Zr series alloys: The ability to grain refine Mg-Zn alloys with Zr led to the
introduction of alloys, e.g. ZK51 and higher strength ZK61. They have high yield
stress and good casting ability.

(b) Mg-Zn-RE series alloys: Te alloys such as ZE33 and ZE41 show good creep
resistance and are widely used for casting exposed to elevated temperature.

(3) Mg-Th-X systems: The addition of thorium also confers increased creep resistance to Mg
alloys, and the ability for high working temperature.

(a) Mg-Th-Zr series alloys: Such as HK31A and HK32.

(b) Mg-Th-Zn series alloys: Such as HZ32A and ZH62A, the presence of zinc further
increases the creep strength. Alloy ZH62A is also noted for its relatively high

strength at room temperature.



(4) Mg-Ag-X systems: The alloys in this system possess high strength at elevated
temperatures and good casting and welding capabilities.
(a) Mg-Ag-RE series alloys: The most widely used alloy has been QE22 which has been
used for a number of aerospace applications.

(b) Mg-Ag-Zr series alloys: QK21A.

Most of all magnesium components are produced by die casting process. This process
has high cycle times and good casting properties. Cast magnesium alloys have high strength
and high productivity. But cast magnesium alloys common have the problem of the gas
porosities which occur in the process and cause low ductility and insufficient fatigue strength.
Wrought magnesium alloys offer crucial advantages like superior mechanical properties,
opposite casting components weldability, possibility of a thermal treatment and an increased
ductility. Because of high costs, a small deformation ratio and a severely limited alloy
spectrum, therefore, there exists a requirement for technical breakthrough in the processings
and new alloy systems. Some of the commonly used wrought magnesium alloys are listed

below.

(1) Mg-Mn series alloys: Such as MA1.

(2) Mg-Al-Zn series alloys: Such as AZ31, AZ61 and AZS80, these alloys are of major
industrial importance because of their combination of light weight, strength, castability
and relatively good corrosion resistance for magnesium alloys. The alloys in these series
could precipitate the B phase (Mg;7Al}y) in the matrix or on the boundaries to strengthen
the alloys after solution and aging treatments.

(3) Mg-Zn-Zr series alloys: Such as ZK40A and ZK60A, these alloys have the characteristic
of higher yielding strength and good castability, especially for the increased strength with

about 0.7% zirconium for grain refinement.
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The properties of different alloy systems can change by adding different alloying
elements in Mg alloys according to different application demands, such as:

(1) Zinc (Zn) additions can improve castability and mechanical properties.

(2) The addition of yttrium (Y) and rare earth element into the magnesium alloys would
impose superior creep resistance to the QE series alloys after fully hardened through the
T6 thermal treatment [15].

(3) Silver (Ag) additions to magnesium alloys results in improving high temperature and
creep properties.

(4) A small amount of Ca added into AZ series alloys could produce relatively smaller grain t
to improve yield strength due to the presence of Al,Ca and -Mg;;Al;> phases on the
grain boundaries [16,17].

(5) Scandium (Sc) is a potential alloying element for improving the high temperature
properties of magnesium alloys because of the high melting point of Sc (Ty, = 1541°C) or
a lower diffusivity in Mg. Von Buch et al. [18] have developed the Mg-Sc-Mn alloys
showing good creep resistance.

(6) Mg-Mn alloys system could add Sc, Gd, Y and Zr so as to develop creep-resistant
magnesium alloys [19]. Mg-Gd and Mg-Sc alloy systems also show an improvement for

the creep-resistant [15].

1.3  Grain refinements

Magnesium alloys are attractive for lightweight structural applications in the
transportation industry because of their low density and high specific strength and stiffness

[20]. However, the symmetry of the hexagonal close-packed (HCP) crystal structure has the
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limiting number of independent slip systems, resulting in poor formability and ductility near
room temperature [3]. Fortunately, this can be resolved by refining the grain size which can
bring about sufficient room temperature ductility and even superplasticity at high strain rates

and low temperatures [1,2].

Although the mechanical and physical properties of all crystalline materials are
determined by several factors, the average grain size of the material generally plays a
significant, and often a dominant, role. Thus, the strength of all polycrystalline materials is
related to the grain size. The widely applied equation for the relation between grain size and

strength or hardness, the Hall-Petch equation [21], as written in the form of

H=H, + ky d'?, (1)

or o =0, +ked"”, )

where H and ¢ is hardness and flow-stress, respectively, d is the average grain size, and H,,
C., kipand ks are constants. It follows from Eq. (1) that the strength increases with a reduction
in the grain size and this has led to an increasing interest in fabricating materials with
extremely small grain sizes. Narutani et al. [22] has reported that the Hall-Petch relationship
is also well followed for magnesium, and the k value is about 280~320 MPa + um'?% Wu [23]
and Lin et al. [24] also reported the ki and ks are about 45~65 H, * um” 2 and 300~350 MPa -
um'?, respectively. It is noticeable that the k slope, or called the grain size strengthening
efficiency, of magnesium alloys is much higher than that of aluminum alloys (~68 MPa -

um'?), which means that the grain refinement of magnesium alloys has higher strengthening

efficiency than aluminum alloys [25].



Magnesium alloys with refined grains could raise the strength and also improve the
formability. In the study of AZ31 and ZK60, Bussiba et al. [26] suggested that magnesium
alloys can possess better superplasticity at low temperatures or high strain rates with smaller
grain size in the submicron scale. The grain refinement also affects the hardness value of
magnesium alloys. Thus, the current research also focuses on producing high hardness

magnesium material through effective grain refinement.

1.3.1 Grain size refinement techniques

In order to get good mechanical properties, different processes can be applied to refine
the grain size, which would improve the mechanical properties such as strength, hardness,
superplastic behavior, and so forth. The grain sizes of commercial alloys are generally
tailored for specific applications by pre-determined thermechanical treatments in which the
alloys are subjected in specified regimes of temperature and mechanical testing. However, the
refining results of these usual produces are limited to the order of a few micrometers and
can’t be used to produce materials with submicrometer grain sizes. Therefore, the other
specific grain refining techniques that may be used to fabricate ultrafine-grained (UFG)

materials with grain sizes in the submicrometer range are developed.

Two basic and complementary approaches have been developed for grain refinement
and these are known as the “bottom-up” and “top-down” approaches [27]. The “top-down”
approach is dependent upon taking a bulk solid with a relatively coarse grain size and
processing the solid to produce a UFG microstructure through heavy straining or shock
loading. Unlike “bottom-up” approaches, these approaches can be readily applied to a wide

range of pre-selected alloys and larger product sizes. Formally, the large strain is imposed on
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the metal materials by severe plastic deformation (SPD) to gain fine grains via

recrystallization or sub-grains by rearrangement of dislocations.

There are many different SPD processing techniques have been proposed, developed and
evaluated. These techniques include rolling, equal-channel angular pressing (ECAP) [28-30],
high-pressure torsion (HPT) [31], multi-directional forging [32,33], twist extrusion [34],
cyclic-extrusion-compression [35,36], reciprocating extrusion [37,38], constrained groove
pressing (CGP) [39], cylinder covered compression (CCC) [40], accumulative roll-bonding
(ARB) [41,42]. All of these procedures are capable of introducing large plastic straining and
significant microstructural refinement in bulk crystalline solids. Some of these techniques,
such as ECAP, HPT, multi-directional forging and ARB are well-established methods for

producing UFG materials.

Extrusion is the process by which a block of metal is reduced in cross section by forcing
it to flow through a die orifice under a high pressure [43]. Semi-finished products of
cylindrical bars or hollow tubes are most generally produced by extrusion. Lin and Huang
[24,44] have extruded the AZ31 and AZ91 magnesium alloys, which are usually
manufactured by thixomolding and casting, to refine the grain size from the initial average 75
um to 1~5 um via the occurrence of dynamic recrystallization during extrusion. These refined
magnesium alloys can perform good superplasticity and higher room temperature tensile

strength.

Rolling is the most widely used metalworking process because it lends itself to high
production and close control of the final product. Rolling can be carried out at elevated
temperatures (hot rolling), wherein the coarse-grained, brittle, and porous structure of the

ingot or continuously cast metal is transformed into a wrought structure, with much finer

11



grain sizes. The rolling temperature plays an important role in rolling process. Rapid grain
growth may be bought up by high rolling temperature that grains may not be effectively
refined, while surface or edge cracking may take place at low rolling temperatures. Chang et
al. [45] reported that grain sizes of AZ31 magnesium alloys could be refined from 13 um to
below 10 wm by rolling 2 mm thick plate to 0.5 mm for AZ31, and its thin sheet exhibited
300~325 MPa tensile strength. In addition, Kim et al. [46] also rolled AZ61 sheets with a
thickness of 2.15 mm to 0.5 mm after nine passes at 648 K, and effectively refined grains

from 16 um to 8.7 um.

In ARB process, the rolled material is cut, stacked and rolled again. In order to obtain
the bulk material, the stacked sheets are bonded during rolling simultaneously (roll-bonding).
Therefore, the achieved strain is unlimited in this process because repetition times are endless
in principle. Fig. 1-1 illustrates the principle of ARB process. Perez-Prado et al. [47] reported
that grain sizes of AZ31 and AZ91 alloys can be refined from 38 um to 3 um and 23 pum to
less than 1 um, respectively. Therefore, ARB process is also an efficient way for grain
refinement and the homogeneity of the microstructure can be improved by increasing the

number of rolling process.

The ECAP process, performed by pressing samples into equal-diameter channel with a
different exit direction, is a shear deformation maintaining the same input dimension of the
pressed (or extruded) materials. The detailed illustration is shown in Fig. 1-2 [48]. This
process can impose severe plastic deformation on materials after several passes to induce
micro-scaled grains [48] or even to submicro or nano-scaled extrafine grains [49]. Therefore,
this process appears to be a powerful technique. Mabuchi et al. [50] refined the AZ91 alloy to
1 um by ECAP after eight passes, and the resulting alloys also showed a high elongation of

661% at a low temperature of 473 K. Recently, Matsubara et al. [51] and Lin et al. [52] have
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developed a two-stage extrusion plus equal channel angular pressing (ECAP) to fabricate the
UFG Mg alloys. The original coarse grain size can be reduced to less than 10 um after
extrusion at 300°C and it is further reduced to around 0.7 pwm after subsequent 8-pass ECAP

at 200°C.

As for the “bottom-up” approach, UFG materials are fabricated by assembling
individual atoms or by consolidating nanoparticulate solids. Examples of these techniques
include inert gas condensation [53], electrodeposition [54], spray forming [55,56], ball
milling with subsequent consolidation [57] and cryomilling with hot isostatic pressing [58],
where cryomilling essentially denotes mechanical milling in a liquid nitrogen environment. In
practice, these techniques are often limited to the production of fairly small samples that may
be useful for applications in fields such as electronic devices but are generally not appropriate

for large-scale structural applications.

The spray forming process is an inert gas atomization of a liquid stream into variously
sized droplets which then are then propelled away from the region of atomization by fast
flowing atomizing gas, as shown in Fig. 1-3 [55]. Droplets are subsequently deposited and
collected by a substrate on which solidification takes place. Finally a coherent and near fully
dense perform is produced. This process can produce bulk scale nano-grained materials via
rapid solidification at a cooling rate about 10> ~10° K/s. Therefore, this process is very
powerful tool, but it has an expensive issue related to patent. However, Chen and Tsao [56]
reported that spray-formed AZ91-3.34 wt% Si alloys can possess finer structures and better

workability than the as-cast counterpart.

Besides the refinement technologies mentioned above, there are still other methods to

refine the grain size. Andrade et al. [59] used shock-wave deformation to refine Cu alloys to
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0.1 um at a high strain rate (~10* s™). Garces and Perez [60] conducted the physical vapor
deposition (PVD) technique to obtain columnar grain structure of the diameter of 0.2 um of
the Mg-14wt%Ti—1wt%Al-0.9wt%Mn alloys. Although, there are numerous developed
methods for grain refinement, most of them are limited to be applied. Some techniques are
still in laboratory research trial, such as ARB process. Some are difficult to produce bulk
materials, such as PVD method and most of the “bottom-up” approaches. Some are because
of high production cost, such as spray forming. Thus, the traditional extrusion and rolling are
still among the first choices to be adopted in industry because of the lower cost and higher

feasibility.

1.4 Metal matrix composites

A composite is a combined material created by the synthetic assembly of two or more
components - a selected filler or reinforcing agent and a compatible matrix binder — in order
to obtain specific characteristics and properties. The criteria that a composite can be used is
judged by the following points [61].

® [t must be man-made.

® [t must be a combination of at least two chemically distinct materials with a distinct

interface separating the constituents.

® The separate materials forming the composite must be combined three

dimensionally.

® [t should be created to obtain properties which would not otherwise be achieved by

any of the individual constituents.

Composite materials have long been designed to couple the weaker but more ductile
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phase (e.g. polymers or metals) with the stronger but more brittle one (e.g. ceramics), so as to
tailor the needed properties of the resulting mixed materials. Among them, metal matrix
composites (MMCs) have attracted attention since 1970’s. Metal matrix composites, in
general, consist of at least two composites: one obviously is the metal matrix (in most case,
an alloy is the metal matrix), and the second component is a reinforcement (in general, an
intermetallic compound, an oxide, a carbide or a nitride). MMCs have several advantages that
are very important for their use as structural materials. These advantages include a
combination of the following properties [62]:

® High strength

® High elastic modulus

® High toughness and impact properties

® [ ow sensitivity to temperature changes or thermal shock

® High surface durability and low sensitivity to surface flaws

® High electrical and thermal conductivity

® High vacuum environment resistance
In addition to conductivity of MMCs, the most obvious advantages of MMCs are their

resistance to severe environments, toughness, and retention of strength at high temperatures.

The reinforcements of the MMCs can be divided into two major groups, discontinuous
and continuous. The continuous reinforcements, such as carbon fibers, glass fibers and silicon
fibers, are in the form of continuous long fibers or short fibers. As for discontinuous
reinforcements, the most prominent discontinuous reinforcements have been SiC, Al,O3; and

TiB, in both whisker and particulate form.

Continuous fibers could improve the elastic modulus and ultimate tensile strength of

composites significantly. Because continuous fibers have a large aspect ratio of axial length
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to diametric width, such continuous fibers could effectively carry most of load so as to
enhance the elastic modulus and strength of entire composites. From these viewpoints,
continuous fibers seem to be perfect reinforcements, but they also suffer some disadvantages.
The strength along the radial direction is greatly lower than that along axial direction, leading
to an anisotropy problem [63]. This character will be unfavorable to some engineering
applications. In order to improve this issue, most fibers are weaved into different directions to

decrease anisotropy.

The composites reinforced by particulates or whiskers usually do not have a strong
anisotropic character, sometimes can be almost isotropy. But discontinuous reinforcements
would do not effectively share the load. Although particulates or whiskers reinforced MMCs
would not have compatible elastic modulus and strength as the continuous fibers reinforced
ones, the former can be processed by conventional methods such as extrusion, rolling and

forging to meet the desired shapes.

It has long been known that the second phase inclusions or particles can inhibit grain
growth in metallic materials. Therefore, one of the critical microstructure parameter is the

particle interspacing L, which can be roughly estimated from [64]

where <r> is the average particle radius and Vy is the particle volume fraction. Previous
reinforcing ceramic particles in the 1980’s usually measure around 10-50 pum in diameter,
later improvements have lead to the smaller particles with uniform size distribution in the
range of 0.5-5 um. With the typical reinforcing particles of V=20% and <r>=10 um in

typical aluminum base composites, Ls will be around 30 um. The resulting grain size after
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casting would also generally be in this range. Further hot extrusion may refine the grain size
down to around 5~10 um, and toughening effects will only be moderately enhanced. With the
abundant resources lately of the nano particles or nano carbon tubes (or wires) fabricated by
various physical or chemical means, the reinforcements can be substantially smaller. If the
reinforcement size is lowered to be submicron size or nano size, Ly can be reduced to
submirco or nano range. It means that the grain size can be refined to submicron or nano
grains. For example, Wang and Huang [65] ever added 1 vol% silica with 50 nm to 6061

aluminum alloy and extruded this composite to obtain 0.7 wm grain size.

1.4.1 Processing of metal matrix composites and magnesium matrix composites

There are various processes to produce particulates reinforced MMCs, but they could

approximately be divided into solid-state and liquid-state methods.

1.4.1.1 Liquid-state methods

In principle, the liquid state route represents a very simple processing concept whereby
particulates or whiskers are mixed into a light alloy melt, subsequently cast and then
fabricated in a manner analogous to conventional unreinforced alloys. Sometimes, these
particulates or whiskers may be manufactured into performs, and the melted alloy is
subsequently introduced into performs. The related processes include the stir casting [66-68],
squeeze casting [69-71], molten metal infiltration technique [72], semi-solid slurry stirring
technique [73] and plasma spray [74]. Moreover, in order to uniform disperse these particles,
Lan et al. [75] reported the use of ultrasonic non-linear effects to disperse nano-sized ceramic
particles in molten metal to fabricated the nano-sized SiC particle reinforced AZ91D

magnesium composites. This way could effectively disperse SiC particle and reduce severe
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clustering occurrence. Detailed properties of composites by various processing routes are

listed in Table 1-4.

1.4.1.2 Solid-state methods

The solid state method applies higher diffusion ability at elevated temperatures to sinter
the entire composites and the metal matrix is remained to be the solid state during processing.
The most typical solid state methods are the powder metallurgy (PM) [76-79] and diffusion
bonding [80]. In addition, the PM process would generally be followed by a secondary
processing such as extrusion, rolling, forging and superplastic forming to form final shapes of
productions as well as to reduce the porosity. Detailed properties of composites made by the

PM method are included in Table1-4.

It is known that many microstructure factors would influence the final performance of
MMCs. Table 1-5 [81] presents a list of microstructural factors that influence mechanical

properties and fracture in discontinuously reinforced MMC:s.

The above mentioned metal based composites, either with the conventional
reinforcements ~20 pwm or the more advanced ones ~0.5 um in dimension, have micro-range
grain size. According to Eq. (3), when the reinforced particles are smaller, the resultant
composite will have finer grain size. The success in fabrication of various nano-sized
powders, wires or tubes has offered the new possibility in modifying existing commercial
materials in terms of their functional or structural characteristics. At present, nano-sized
composites were focused on the polymer matrix modified by ceramic nano particles so as to
significantly improve its mechanical or physical properties [82-86]. It is less addressed about

nano-sized particulates reinforced metal matrix composites except for few papers [75,79].
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The nano-sized particulates reinforced metal matrix composites might be able to stabilize

grain size to less than 200 nm and enhance the ductility at elevated temperatures.

Although the nano-sized particulates reinforced metal matrix composites could have a
better properties, uniform dispersion of these nano-sized particles would be an extremely
difficult task. Because of the high surface area ratio, nano-sized powders tend to cluster
together, sometimes forming micro-sized aggregates. After secondary treatments, these
aggregates will act as defect to form the initiation of crack to degrade the final performance.
Methods in dispersing the nano powders have been limitedly disclosed, mostly still protected

by patents.

1.5 Friction stir welding and friction stir processing

1.5.1 Introduction of friction stir welding (FSW)

Traditional welding methods can be divided into two categories. One is fusion welding,
which fuses the edge of metals to the liquid state, and then solidifies to integrate these metals.
There are many kinds of fusion welding technologies such as shield metal arc-welding
(SMAW), tungsten inert gas arc-welding (TIG), electron beam welding (EBW) or laser beam
welding (LBW), etc. Another is solid-state welding, which heats the metals to a softening
state (not above melting point), and then applies a pressure to join two components by rapid
diffusion at elevated temperatures. The methods of solid-state welding include the friction
welding and superplastic welding [87]. The fusion welding always contains solidification
structures, such as the inter-dendritic, eutectic phases, to influence the final properties after

welding, and is sometimes subject to the phenomenon of pores. In addition, the fusion
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welding also dissolves the precipitates to matrix to lower the original strength for some
precipitation strengthening alloys, especially for highly alloyed 2000 and 7000 series

aluminum alloys. The phenomena mentioned above are the disadvantage of fusion welding.

A novel and revolutionary welding technology, friction stir welding (FSW), was
invented at The Welding Institute (TWI) of UK in 1991 as a solid-state joining technique, and
it was initially applied to aluminum alloys [4]. The friction stir welding technique was also

patented by TWI worldwide.

The basic concept of FSW is simple. A non-consumable rotating tool with a specially
designed pin and shoulder is inserted into the abutting edges of sheets or plates to be joined
and traversed along the line of joint. A schematic diagram of friction stir welding is shown in
Fig. 1-4 [88]. In general, the pin is typically slightly shorter than the thickness of the
workpiece. The pin is mounted in a shoulder that may be three times the diameter of the pin.
The pin and shoulder are pressed against the workpiece, rotated at several hundred
revolutions per minute, and advanced along the joining surface. The tool serves two primary
functions: (a) heating of workpiece, and (b) movement of material to produce the joint. The
heating is accomplished by friction between the tool and the workpiece and plastic
deformation of workpiece. The localized heating softens the material around the pin and
combination of tool rotation and translation leads to movement of material from the front of
the pin to the back of the pin. As a result of this process a joint is produced in “solid state”.

An entire process of friction stir welding is shown in Fig. 1-5.

1.5.2 Characteristics of friction stir welding

1.5.2.1 Microstructure of welding zone in friction stir welding
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Based on the microstructural characterization of grains and precipitates in the FSW joint
region, three distinct zones, the nugget zone (NZ) or termed as the stir zone (SZ) or
dynamically recrystallized weld zone (DXZ), the thermo-mechanically affected zone
(TMAZ), and the heat-affected zone (HAZ), have been identified as shown in Fig. 1-6. The
part of base metal (BM) is the original metal materials, not undergoing any influence of
welding process. The region between BM and TMAZ is HAZ. This zone experiences a
thermal cycle with the occurrence of grain growth, but does not undergo any plastic
deformation. The HAZ retains the same grain structure as the base metal. Beyond the nugget
zone there is TMAZ which experiences both temperature and deformation during FSW. A
typical micrograph of TMAZ is shown in Fig. 1-7 [89]. The TMAZ is characterized by a
highly deformed structure. The base metal elongated grains were deformed in an upward
flowing pattern around the nugget zone. Although the TMAZ underwent plastic deformation,
recrystallization did not occur in this zone due to insufficient deformation strain. The part of
DXZ is in the center location of welding zone. This DXZ has an apparent characteristic of
fully recrystallized and equiaxed grains due to intense plastic deformation and frictional

heating during FSW.

Generally, from the relation of the rotational direction of the pin tool and the direction of
moving forward, the welding zone can be classified into the advancing side and retreating
side, as shown in Fig. 1-8. The advancing side is on the position of the same direction of the
rotational direction of the pin tool and forward direction. On the contrary, the retreating side
is on the other position of the opposite direction of the rotation direction and forward

direction.

In general, the difference of the transition region between DXZ and TMAZ is apparent

21



in aluminum alloys. However, there is no obvious difference between TMAZ and DXZ in the
magnesium alloy. The microstructure in the TMAZ of Al alloy results from an insufficient
heating temperature or strain for dynamic recrystallization during FSW. Mg alloys may
experience dynamic recrystallization more easily than Al alloys, because Mg alloys have
lower recrystallization temperature (about 523 K) than that of Al alloys [90]. Therefore, the
deformed microstructure just outside the stir zone may be also dynamically recrystallized in
Mg alloy. This may be the reason why the transition region between DXZ and TMAZ has

roughly same microstructure as the nugget zone [91].

1.5.2.2 Recrystallization mechanisms

The fully recrystallized and equiaxed grains in DXZ comes from the occurrence of
dynamical recrystallization due to the high strain and friction heat during the stirring process.
Generally, the friction heat between the shoulder, pin and workpieces can provide enough
energy to make the nugget zone to reach 0.6~0.8 Ty, and this temperature range is higher

than the common recrystallization temperature (~0.5 Ty,).

There were some possible mechanisms proposed for dynamic recrystallization process
during FSW, such as discontinuous dynamic recrystallization (DDRX) [92-94] and
continuous dynamic recrystallization (CDRX) [95,96]. The DDRX is characterized by
nucleation of new grains at old high-angle boundaries and gross grain boundary migration
[97]. On the other hand, mechanisms of CDRX have been proposed whereby subgrains rotate
and achieve a high misorientation angle with little boundary migration. For example,
mechanisms include subgrain growth [98], lattice rotation associated with sliding [99,100],

and lattice rotation associated with slip [101].
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Jata and Semiatin [95] were the first to propose CDRX as operative dynamic
nucleation mechanism during FSW. They suggested that low-angle boundaries in the parent
metal are replaced by high-angle boundaries in the nugget zone by means of a continuous
rotation of the original low-angle boundaries during FSW. In their model, dislocation glide
gives rise to a gradual relative rotation of adjacent subgrains. Su et al. [96] conducted a
detailed microstructural investigation of FSW 7050Al-T651. Based on microstructural
observations, they suggested that the dynamic recrystallization in the nugget zone can be
considered a CDRX on the basis of dynamic recovery. Subgrain growth associated with
absorption of dislocation into the boundaries is the CDRX mechanism. Repeated absorption
of dislocations into subgrain boundaries is the dominant mechanism for increasing the

misorientation between adjacent subgrains during the CDRX.

Alternatively, DDRX has been recently proposed as an operative mechanism for
dynamic nucleation process during FSW. Su et al. [94] reported generation of recrystallized
grains of 0.1 um in a FSP 7075Al by means of rapid cooling behind the tool. Similarly,
Rhodes et al. [92] obtained recrystallized grains of 25—-100 nm in FSP 7050Al1-T76 by using
“plunge and extract’’ technique and rapid cooling. These recrystallized grains were
significantly smaller than the pre-existing subgrains in the parent alloy, and identified as
non-equilibrium in nature, predominantly high-angled, relatively dislocation-free. Thus,
Rhodes et al. [92] and Su et al. [94] proposed that DDRX mechanism is responsible for the

nanostructure evolution.

Although it is still a debating issue, the phenomenon of the nugget zone experiencing
severe deformation and elevated temperature to result in fully recrystallized and equiaxed
grain is of no doubt. Moreover, it is worth mentioning that this nugget zone exhibits a high

fraction of high misorientation angles [95,102,103].
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1.5.2.3 Onion rings in nugget zone

Besides the fully recrystallized and equiaxed grains with a high fraction of high
misorientation angle, the onion rings are the most prominent features of nugget zone, as
shown in Figs. 1-9 and 1-10. Krishnan [104] reported that the appearance of onion rings is
attributed to a geometrical effect in that a transverse cross-section through a stack of
semicylinders would appear like onion rings with ring spacing being wider at center and
narrower towards the edge. He also thought that the formation of the onion rings is due to the
process of friction heating due to the rotation of the tool and the forward movement extrudes
the metal around to the retreating side of the tool. He qualitatively proved that the ring

spacing would decrease with increasing rotation speed and decreasing advancing speed.

Mahoney et al. [105] reported that the onion ring structure within the stir zone is
characterized by alternating bands of different grain size. Material flow probably leads to
repetitive introduction of strain and strain rate into the material, which probably produces an
alternation of three-dimensional ellipsoids with different grain sizes in the stir zone, as shown
in Fig. 1-11. The alternation of the ellipsoids with different grain sizes generates an onion
ring structure on the cross section perpendicular to the advancing direction. Park et al. [106]
suggested that the formation of the elliptical nugget and that of the onion ring structure have

their origin in shear deformation arising from the rotation of the threaded pin.

Yang et al. [107,108] reported that the precipitation-strengthening aluminum alloys
(2024 and 2524) after FSW revealed the characteristic of banded microstructure. This bands
consisted of band A containing a higher density of secondary particles and smaller grains and

band B containing a lower density of secondary particles and larger grains. These banded
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structure also affected performance of micro-hardness and mechanical characterization. For
example, band A exhibited a higher value of micro-hardness and lower local-strain than band
B, as shown in Fig. 1-12. In addition, they also pointed that these banded structure also
affected the fracture behavior [109,110]. For some solid solution strengthening alloy, Chang
[111] also found the similar but not apparent banded structure in the AZ31 Mg alloy after FSP.
This similar banded structure was comprised by bands with larger grains and bands with
smaller grains. The information of the formation of banded structure is limited and still

needed to explore.

1.5.2.4 Materials flow behavior in nugget zone

The material flow during friction stir welding is quite complex depending on the tool
geometry, process parameters and materials. Reynolds and coworkers [112,113] investigated
the material flow behavior using a marker insert technique (MIT). Based on the observations,
they suggested that the friction stir welding process can be roughly described as an in situ
extrusion process wherein the tool shoulder, the pin, the weld backing plate, and cold base
metal outside the weld zone form an ‘‘extrusion chamber’ which moves relative to the
workpiece. They concluded that the extrusion around the pin combined with the stirring
action at the top of the weld created within the pin diameter a secondary, vertical, circular

motion around the longitudinal axis of the weld.

In the study of the material flow of FSW 6061 Al by means of a faying surface tracer and
a pin frozen in place at the end of welding, Guerra et al. [114] reported that the material was
moved around the pin in FSW by two processes. First, material on the advancing side front of
a weld entered into a zone that rotates and advances simultaneously with the pin. The

material in this zone was very highly deformed and sloughed off behind the pin in arc shaped
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features. Second, material on the retreating front side of the pin extruded between the
rotational zone and the parent metal and in the wake of the weld fills in between material
sloughed off from the rotational zone. Further, they pointed out that material near the top of
the weld (approximately the upper one-third) moved under the influence of the shoulder

rather than the threads on the pin.

In the study of the material flow behavior during FSW of aluminum alloys by means of
steel shot tracer technique and “‘stop action’ technique, Colligan [115] suggested that not all
the material in the tool path was actually stirred and rather a large amount of the material was
simply extruded around the retreating side of the welding tool pin and deposited behind. Murr
and co-workers [116,117] investigated the solid-state flow visualization in friction stir butt
welding of 2024Al to 6061Al and copper to 6061Al. The material flow was described as a

chaotic—dynamic intercalation microstructures consisting of vortex-like and swirl features.

Recently, Arbegast [118] suggested that the resultant microstructure and metal flow
features of a friction stir weld closely resemble hot worked microstructure of typical
aluminum extrusion and forging. Therefore, the FSW process can be modeled as a
metalworking process in terms of five conventional metal working zones: (a) preheat, (b)
initial deformation, (c) extrusion, (d) forging, and (e) post heat/cool down, as shown in Fig.
1-13. It is widely accepted that material flow within the weld during FSW is very complex
and still poorly understood. It has been suggested by some researchers that FSW can be
generally described as an in situ extrusion process and the stirring and mixing of material

occurred only at the surface layer of the weld adjacent to the rotating shoulder.

1.5.2.5 Hardness variation in the weld zone
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FSPed materials often possess equiaxed finer grains in the nugget zone. According to
Hall-Petch relationship, finer grain size has higher hardness value. However, a number of
investigations demonstrated that the change in hardness in the friction stir welds is different.
Not all hardness profiles of FSPed materials follow the Hall-Petch relationship [119]. This is
because of the different precipitation phenomenon. Aluminum alloys generally are classified
into  heat-treatable = (precipitation-hardenable) alloys and non  heat-treatable
(solid-solution-hardened) alloys. FSW creates a softened region around the weld center in a
number of precipitation-hardened aluminum alloys [116,120-124]. It was suggested that such
a softening is caused by coarsening and dissolution of strengthening precipitates, such as
Mg,Si or MgZn,, during the thermal cycle of the FSW. In the study of the hardness profiles
associated with the microstructure in an FSW 6063AI1-T5, Sato et al. [122] reported that
hardness profile was strongly affected by precipitate distribution rather than grain size in the
weld. In general, the mechanical properties of the FSWed precipitation-hardened alloys have
been found to strongly depend on the volume fraction, size, and distribution of the

strengthening precipitates and slightly on the grain size.

For the solution-hardened aluminum alloys, generally, FSW does not result in
softening in the welds [125,126]. For 5083Al-O containing small particles, the hardness
profile was roughly homogenous in the weld [126], whereas for 1080Al-O without any
second-phase particles, the hardness in the nugget zone was slightly greater than that in the

base material.

Sato et al. [126] reported that FSW created the fine recrystallized grains in the nugget
zone and recovered grains in the TMAZ in 5083Al1-O with the nugget zone and the TMAZ
having slightly higher dislocation densities than the base material. Both small and large

Alg(Mn,Fe) particles were detected in the nugget zone and the base material. They concluded
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that the hardness profile could not be explained by the Hall-Petch relationship, but rather by
the Orowan strengthening, namely, the hardness profile in the FSW 5083Al was mainly
governed by the dispersion strengthening due to distribution of small particles. In this case,

the interparticle spacing is likely to be much lower than the grain size.

It appears that excellent welds with no strength loss or other degradation of properties
will occur in the FSW of aluminum or magnesium alloys where no reprecipitation or related
aging/annealing effects occur. Therefore, the increase in hardness in the nugget zone of these
materials can be explained by the Hall-Petch relationship, such as 1080Al and AZ31 Mg
alloy [111]. The average hardness value in the nugget zone increases with decreasing grain

size in the nugget zone.

1.5.3 Influence of welding parameters

The parameters influence friction stir welding include the welding materials, geometric
shape of pin and shoulder, rotational speed, advancing speed, cooling rate, and tilt angle of
working tool. Tool rotation rate (rotation per minute, rpm) and tool advancing speed (mm/min)
are the most important parameters. Generally speaking, it could be explained in terms of the
viewpoint of energy input for the entire welding process. Qualitatively speaking, increasing
rotational speed and decreasing advancing speed could raise energy input per unit welding
length. For example, Chang [111], Sato et al. [93] reported that the grain size in the nugget
zone of Mg and Al alloys would gradually grow with increasing rotational speed on the same
advancing speed due to raising maximum temperature or energy input per unit length. Hassan
et al. [127] also reported that increasing advancing speed would result in smaller grain size in
the nugget zone due to a lowered maximum temperature or reduced energy input. Except for

lowering energy input, increasing the cooling rate is also an effective way.
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The various the pin geometric shape of pin would result in different appearances of the
nugget zone and material flow. A FSW tool consists of a shoulder and a pin as shown in Fig.
1-14. The tool has two main functions: (a) localized heating and (b) material flow. The
generated heat is mainly from the friction between shoulder and workpiece during the process.
After the first developed fixed pin tool, the evolvement of new tool geometry is significant.
Complex featured tool, which is supposed to alter material flow, mixing and reduce process
load, are designed by various researchers in the world. For example, Whorl™ and MX
Triflute™ tools [128] developed by TWI are shown in Fig. 1-15 which are designed to reduce
welding force, enable easier flow of plastically deformed material, facilitate the downward
augering effect and increase the interface between the pin and the deformed materials,
thereby increasing heating. However, Kwon and Shigematsu [129] also reported that applying
a special pin with smaller contact area with the workpiece than screw type, as shown in Fig.
1-16(a), could achieve submicron grains of about 0.5 um. It is a result of reducing the
frictional area between the pin and workpiece to lower energy generation. In addition, many
engineers designed various geometric shapes, as shown in Fig. 1-16(b), to result in different
levels of material flow. It is hoped to improve the welding quality under the various welding

form, such as, lap welding or butt welding.

1.5.4 Advantages and disadvantages of friction stir welding

Friction stir welding is considered to be the most significant development in metal
joining in a decade and is a “green” technology due to its energy efficiency, environment
friendliness, and versatility. FSW also has been so attractive and potential that many
engineers and scientists spent great efforts on the related research. The process advantages

result from the fact that FSW takes place in the solid phase below the melting point of the
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welded materials which can avoid defects caused during solidification. The benefits therefore
include the ability to join materials, which are difficult to fusion weld, such as the 2000 and
7000 series aluminum alloys. Other advantages listed as followed: (a) more environmental
friendliness with no fume, no weld porosity and no spatter, (b) higher energy efficiency
compared to fusion welding, (c) good welding qualities with low distortion, even in long
welds, (d) excellent mechanical properties as proven by fatigue, tensile and bending tests, ()
the ability to apply in all positions, (f) the capability to make use of existing machine tool
technologies, (g) no consumables or shielding gas required, (h) automation welds using

robots. The key benefits of FSW are summarized on Table 1-6 [88].

Although FSW has the above advantages, it needs the various fixtures to fix the various
forms of the workpieces. It means that extra cost is needed for the design and fabrication of

the fixtures.

1.5.5 Friction stir processing (FSP)

Friction stir processing (FSP) was first proposed by Mishra et al. [5,6] as a generic
tool for microstructural modification based on the basic principles of FSW. In this technique,
a rotating tool is inserted in a monolithic workpiece for localized microstructural
modification for specific property enhancement. Mishra [130] utilized the following unique
features of FSW process to develop the friction stir process: (a) low amount of heat generated,
(b) extensive plastic flow of material, (c) very fine grain size in the stirred region, (d) random
misorientation of grain boundaries in the stirred region, (e) mechanical mixing of the surface

layer, (f) large forging pressure and (g) controlled flow of material.

Friction stir processing is a technology similar to friction stir welding basically. FSW
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and FSP have similar technologies but different goals. The goal of FSW focus on the jointing
of metals, however, FSP emphasizes the modification of metals to be utilized on secondary
process. This new process is a very potential technology to provide the opportunity to
homogenize microstructure for subsequent forming operation and is emerging as a very

effective solid-state processing technique.

1.5.6 Application of friction stir processing

1.5.6.1 Friction stir processing for grain refinement

During the FSP, the localized heating was produced by the friction generated between
the rotating tool and the workpiece. The material undergoes intense plastic deformation at
elevated temperatures, resulting in significant grain refinement via repeated dynamic
recrystallization during this process. Thus, the dynamic recrystallization during FSP results in
generation of fine and equiaxed grains in the nugget zone. A numerous researches for grain
refinement by FSP have focused on aluminum related alloys. Table 1-7 [131-144] give a
summary of the grain size values for various aluminum alloys under different FSP conditions.
The typical recrystallized grain size in the FSP aluminum alloys can be refined to micro range.
However, external cooling or special tool geometries are needed to obtain ultrafine-grained
microstructures (average grain size < 1 um) in FSPed aluminum alloys, as shown in Table 1-8
[145-147]. Su et al. [94] provided an example of ultrafine-grained 7075 Al with an average
grain size of 100 nm by a mixture of water, methanol and dry ice to cool plate immediately
behind the FSP tool. They progressively applied this cooling action to obtain large-area bulk
of untrafine grained microstructure aluminum alloys by running multiple overlapping passes
[148]. This idea provides an unlimited dream of applying FSP to fabricate a bulk

ultrafine-grained alloy.
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As for grain refinement, FSP has several advantages or potential advantages over other
processing techniques: (i) It produces nanocrystalline with high-angle boundaries in a single
step. No complex processing procedure is needed. (ii) It may be possible to control the
resulting microstructures by changing the processing parameters and cooling rates. (iii) An
entire sheet could be friction stir processed in a multipass overlapping sequence to obtain
desired microstructure over a large area. (iv) The FSP technique can process any desired size

thin sheet to nanostructure by running multipasses.

However, the researches of grain refinement by FSP mainly focus on Al based alloys.
The similar studies on Mg alloys are much less than Al alloys due to the widespread and
mainly use of all kinds of aluminum alloys as structural materials. Nevertheless, magnesium
alloys are more and more attractive for lightweight structural applications because of their
low density and high specific strength and stiffness. Although Mg alloy has poor formability
and ductility near the room temperature due to limited number of independent slip systems,
the shortage can be overcome by grain refinement which can bring about sufficient room
temperature ductility and even superplasticity at high strain rates and low temperatures [1,2].

Thus, it is useful to develop grain refinement techniques for Mg alloys.

Table 1-9 [149-155] shows a summary of the grain size values for various magnesium
alloys under different FSP conditions. Compared with the aluminum alloys, as shown in
Table 1-8, the UFG microstructure Mg alloys are still not available. Because of higher grain
boundary diffusion rate and lower melting temperature [64], Mg alloys with low content of
alloying element are difficult to obtain UFG microstructure by SPD. Hence, ultrafine nano
grained microstructure in pure or solution hardening Mg alloys still can not be obtained by

SPD or FSP processes. However, it is interesting and worth paying efforts to develop the
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ultrafine nano grains in AZ31 based alloys by FSP and this is also the main goal of this study.

1.5.6.2 Friction stir processing for superplasticity

Superplastic forming has several advantages over conventional forming operations, but
typical forming rates (10™*-107 s™) are slow for large volume production industries. Therefore,
high strain rate superplasticity (HSRS) at or above 107 s™' strain rate is needed to increase the

utilization of superplastic forming.

The application of FSP to induce superplasticity has attracted extensive research efforts
[89,140,141,156]. Compared to other processing techniques such as thermo-mechanical
processing (TMP) [157], equal channel angular pressing (ECAP), torsional deformation
under pressure, FSP is particularly attractive because it provides a very simple and effective
approach to obtain a through thickness fine-grained microstructure for superplasticity.
Conventional TMP, generally involving solution treatment, overaging, multiple pass warm
rolling with intermittent reheating, and a recrystallization treatment [157], is complex,
time-consuming, leads to increased material cost, and can only produce thin gage sheet. For
ECAP, usually at least six processing passes, equivalent to an imposed strain of ~6, are
necessary to create a fine-grained superplasticity microstructure [158]. By comparison,
one-pass FSP can produce an estimated effective strain of >40 [159], resulting in a very fine
0.5-10 um grain structure. High strain rate superplasticity has been induced by FSP in a
number of aluminum alloys such as 7075Al [89,156], Al-Mg—Zr [140], 2024Al [141]. In

addition, HSRS could also be found in AZ61/Si0, composite material [ 160].

Mishra et al. [5,89] demonstrated the feasibility of friction stir processing to produce a

microstructure amenable to high strain rate superplasticity in a commercial 7075 aluminum
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alloy. Charit and Mishra [141] also reported the success of high strain rate superplasticity on
friction stir processed 2024 Al alloy. In addition, Dutta et al. [161] reported that overlapping
passes of FSP can produce 80 mm wide sheets of reasonably homogenous 7075 Al alloy for
punch stretching at 450°C and a lower strain rate of 10° s, This success meant that multiple
overlapping passes of FSP could be applied on microforming or superplastic forming. Based
on the above examples, FSP could be a potential process of TMP to refine grain size, and the

alloys after FSP could exhibit good ductility at elevated temperatures.

1.5.6.3 Friction stir processing for fabrication of metal matrix composites

Mishra et al. [6] reported a novel technique for fabrication of surface composite by FSP.
The method was that the SiC powders were firstly added into a small amount of methanol and
mixed, and then applied to the surface of 5083 Al plates to form a thin SiC particle layer. The
Al plates with a preplaced SiC particle layer were subjected to FSP after drying in air to form
a surface composite. Hu [162] used 5083 Al plates with the deep holes filled Al,O; powders
to fabricate bulk aluminum based composites. Cavaliere [163] produced 2618/A1,03/20p
metal matrix composite by FSP successfully. This composite shows good strength and
ductility values at room temperature because of very fine structure obtained by the FSP
processing, revealing an increase in room temperature ductility compared to the unstirred
material. In addition, Morisada et al. [164] successfully dispersed multi-walled carbon
nanotubes (MWCNTs) into the AZ31 magnesium alloy using FSP. Distribution of the
MWCNTs was changed on the basis of the travel speed of the FSP tool. The grain size of the
AZ31/MWCNTs surface composites was smaller than that of the FSPed AZ31 without the
MWCNTs. The addition of the MWCNTs appears effective for fabricating the composites
consisting of fine matrix grains. Morisada et al. also fabricated AZ31/SiC [165] and

AZ31/Ce [166] composites by FSP. The hardness values of composites can also be enhanced.
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Moreover, Lee et al. [167] also produced AZ61/SiO, Mg based metal matrix composite by
FSP successfully. The 5-10 vol.% nano-sized SiO, was incorporated into an AZ61 Mg alloy

matrix to form bulk composites.

Except for the method of directly adding the reinforcement into the matrix, the method
called “friction stir reaction processing” (FSRP) which is an extension of friction stir
processing by adding particles into the weld to cause chemical reactions to form
reinforcement was also conducted by Howard et al. [168]. Hsu et al. [169] also employed this
similar method to fabricate Al based composites. They first utilized the powder metallurgy to
fabricate Al-15Cu alloy without reaction, and applied the effect of high temperature and
mixing material of the subsequent FSP to form the Al,Cu intermetallic compound and
disperse in the Al matrix. As stated above, FSP really could fabricate metal matrix composites

by a suitable method to add the reinforcements into the matrix.

1.6 Motives of the research

Magnesium is the lightest of all metals used as the basis for constructional alloys. It is
this property which entices industrial manufacturers to replace denser materials, not only
steels, cast irons and copper base alloys but even aluminum alloys, especially for the lack of
petroleum energy in the future. But Mg alloys usually cannot sustain heavy load at elevated
temperatures greater than 250°C except for a few QE or WE series Mg alloys. However, these
series alloys are more expensive than the most commonly applied commercial AZ series Mg
alloys. The creep properties of the later alloys are considered to be poor. The modification of
commercial registered Mg alloys with the addition of ceramic particles might result in

apparent improvement in creep properties. Although composites reinforced with nano-sized
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particles, wires or tubes are very attractive, the uniform dispersion of nano-sized

reinforcements is a critical and difficult task.

It is well known that fine-grain-sized alloys possess improved mechanical properties
including higher strength, better ductility, and high superplasticity performance. A
fine-grained material is also harder and stronger than one that is coarsely grained because it
has greater total grain boundary areas to impede the dislocation motion. For many materials,
the hardness, H, varies with grain size according to Hall-Petch relation. It means that
reducing the grain size could increase the hardness of the material, especially for solution

hardenable alloys.

Friction stir processing could result in the occurrence of materials plastic flow in the
stirred zone to induce fully recrystallized grains with random misorientation boundaries. The
entire process is under the solid state below the melting point. FSP could adjust the suitable
pin rotational speed and advancing speed to control the amount of input energy. On the other
side, FSP could also control the heating time by various cooling facilities, such as liquid
nitrogen or ice water cooling. Based the features of FSP above, it would be possible to
produce the fine grained high performance alloy or even nanocrystalline materials. Also, FSP
provides a chance to uniformly disperse the nano-sized reinforcements utilizing the severe

plastic flow in the stirred zone during processing.

Therefore, the current proposal will adopt a suitable method to add the thermally stable
ceramic nano-sized powders into the light-weight Mg base alloys and uniformly disperse
these nano-sized reinforcements by FSP. For the sake of grain refinement and high hardness
value, optimal process parameters and cooling facilities are conducted. In this research, the

work is designed as what summarized below:
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(1) To refine the grain size to nano-scale (~100 nm) in magnesium base alloys or composites
by suitable FSP parameters and cooling conditions.

(2) To enhance the hardness values of magnesium base alloys or composites up to triple
(~150 Hy) of the base magnesium AZ31 alloy (~50 H,).

(3) To develop magnesium base composites reinforced with nano-sized particles by friction
stir processing.

(4) To modify magnesium base alloys by friction stir processing and to compare the
difference between modified magnesium base alloys and magnesium base composites.

(5) To apply multiple FSP passes to disperse uniformly the nano particles, with higher FSP
heat inputs initially to fabricate the composite, followed by subsequent FSP passes with
lower heat inputs to refine the grain size to submicron or nano scale.

(6) To evaluate the microstructural characteristics using XRD, SEM and TEM.
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Chapter 2

Experimental methods

In order to achieve ultrafine nano-scale grain sizes with triple hardness in Mg alloys.
There are quite a few approaches tried to reach the goal. The effective approaches are

summarized in the step flow chart in Fig. 2-1. The related total results are summarized in

Table 3-8.

2.1 Materials

The AZ31 billets used in this study were purchased from the CDN company, Deltabc,
Canada. The as-received alloy was fabricated through semi-continuous casting and has the
form of extruded billet measuring 178 mm in diameter and 300 mm in length. The specimen
of the as-received AZ31 alloy was cut into rectangular with 50 mm in width and 100 mm in
length. For the different purposes, the thickness of the plate varies from 10 mm to 4 mm. The
chemical composition of AZ31 alloys is listed in Table 2-1. This alloy is a solution hardened
alloy with minimum precipitation. The as received alloys contained coarse grains around 75
wm (grain size measurement based on the linear line intercept method), as shown in Fig. 2-2,

and did not exhibit any superplastic characteristics.

2.1.1 The materials for intrinsic reinforced Mg-Al-Zn alloys

The AZ31 billet was then warm rolled to 1 mm in thickness. Pure Al and pure Zn foils of

99.9% purity and 0.2 and 0.125 mm in thickness, respectively, were adopted for mixing with
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the AZ31 stress. With the desired portions of Mg, Al, and Zn, the thin foil specimens were
stacked as a sandwich and held vertically as shown in Fig. 2-3, ready for FSP. The alloys ratio

was reached by stacking Mg sheets and Al, and Zn foils in the stirring position.

2.1.2 The extrinsic reinforcements for the Mg-AZ31 based composites

As for the reinforcements, the nano-sized ZrO, are particles, fabricated by Desunnao
Company, Taiwan, were originally used as a kind of reinforcement for plastic materials. The
ZrO; particles are 99% in purity, with a size in the range of 15-25 nm, or an average size
around 20 nm, and a density of 5.89 g/cm’. The XRD pattern of the ZrO, powder shown in
Fig. 2-4(a) reveals the monoclinic structure. The different reinforcements, the nano-sized
Si0O, particles, also fabricated by Desunnao Company, Taiwan, were used for comparison.
The particles are 99% in purity, with an average size around 20 nm and the density is 2.65
g/em’. The TEM and XRD photographs of these particles shown in Fig. 2-4(b) confirm the

amorphous structure and an average size of 20 nm.

2.2 The set-up of friction stir processing

The simplified FSP machine is a modified form of a horizontal-type miller, with a 5 HP

capability, as shown in Fig. 2-5.

2.2.1 The design of tool and fixture

There are several kinds of fixed pin tools used in this research. The largest one is 6 mm

in diameter, 6 mm in length and 18 mm in shoulder diameter. The smallest tool has shoulder
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diameter, pin tool diameter and length of 10, 3 and 3 mm, respectively. Smaller tool is
conducted in order to reduce the heat generation caused by the shoulder and stirring pin
during the process. All the tools have one fixed pin which has screw with a pitch distance of 1
or 0.8 mm. The material of the tool is SKH9, one kind of high speed steel. The details of the

pin tools are listed in Table 2-2.

The back plate made by steel was used firstly in the experiments. In order to increase
cooling effects, the copper made black plate was used in most experiments. The back plate is
designed to contain three cooling channels with cooling liquid passing through them. The

entire fixture design is shown in Fig. 2-6.

2.2.2 The special cooling condition during friction stir processing

In order to achieve ultimate fine grain size, optimal parameters and specific cooling
system, such as liquid nitrogen, were applied. Firstly, the liquid nitrogen was added directly
to chill the FSP specimen. Then, the black plate fixture, as shown in Fig. 2-6, was encircled to
be a tank. The tank was filled with liquid nitrogen and the specimens are constantly contacted
by liquid nitrogen. Therefore, with the accompanying of the liquid nitrogen cooling, the
undesired heat causing grain growth could be eliminated more quickly. The finer
recrystallized grain could be obtained without the long grain growth stage. However, the back
plate fixture part is still not direct contacted and cooled by the liquid nitrogen. Hence, this

cooling type is not efficient enough until the new effective cooling system is designed.

2.2.2.1 Newly designed effective cooling system

Based on extensive experimental experience, it is concluded that the primary heat
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release during FSP is made from the bottom of the pin to the back plate beneath the sample. A
newly designed cooling system is used, as shown in Figure 2-7. In order to transfer the heat
generated between the tool and sample during FSP as quickly as possible, a thin copper
mould and liquid nitrogen are used. Two tunnels are machined beneath the surface of the
copper mould, and the liquid nitrogen can be immerged and flow through. The specimen was
set and fixed direct on the thin copper mould and the whole system was also encircled and
placed in the tank. Therefore, the liquid nitrogen can submerge the thin copper mould and

flow through the tunnels.

2.2.3 The methods of adding nano-sized powders into AZ31 alloys

One or two deep shallow grooves ~6 mm depth, 1.25 mm wide and 100 mm length are
cut on the rectangular samples of the AZ31 Mg alloy. The rectangular specimens of the AZ31
Mg alloy were sampled from the billet and were 55 mm in width, 130 mm in length and 10
mm in thickness. The appearance of the samples with one (1G) or two (2G) grooves is shown
in Fig. 2-8. Then, these grooves were inserted with nano-sized ZrO, powders, in average, one
groove is filled with 500 mg ZrO, powders. The AZ31 sample with grooves and inserted
ZrO, powders was conducted multiple FSP to fabricate composites, as shown in Fig. 2-8(b)
and (c). In order to prevent the nano-particles from being displaced out of the groove(s),
surface “repair” was accomplished before FSP with a modified FSP tool that only has a
shoulder without pin. The detailed procedure is shown in Fig. 2-9. In addition, the samples
have the grooves inserted with nano-sized SiO, powders, with one groove filled with 100 mg
Si0, powders, were prepared and the results are compared with those of the ZrO, containing

composites.

2.2.4 The parameters of friction stir processing
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2.2.4.1 FSP parameters for modified AZ31 alloys

The advancing speed of the rotating pin during FSP varies between 45 mm/min and 800
mm/min, with a variable pin rotation rate of 600 rpm (rotation per min) to 1800 rpm for pure
AZ31 Mg alloys. The fixed pin tool with 6 mm in diameter and 6 mm in length was used. The
shoulder diameter was 18 mm, and the applied tilt angle of the fixed pin tool was 3°. The
AZ31 plate was 10 mm in thickness. In addition, a K-type thermocouple was inserted into the
sample, as shown in Fig. 2-10, to measure the temperature variation during the entire FSP

pass.

2.2.4.2 FSP parameters for fabricating intrinsic reinforced Mg-Al-Zn alloys

The fixed pin tool was 6 mm in diameter and 5 mm in length, with a pitch distance of 1
mm. The shoulder diameter was 16 mm, and the tilt angle of the fixed pin tool was 2°. The
pin rotation was set to be 1500 rpm, and the pin advancing speed was 20 mm/min. Most FSP
experiments were conducted with air cooling, selected FSP runs were performed using copper
clamping kits with water. Some selected FSP runs were even conducted using liquid N, to
chill the specimens and the rotating pin. A special container was placed around the specimens
so that the specimen and pin could be submerged in the liquid N», as shown in Fig. 2-3(c).
For comparison, the Mg;0AlsZnys alloy system was also prepared by rapid quenching melt
spinning with a cooling rate around 10° K/s. Melt spinning is a technique used for rapid
cooling of liquids. A wheel is cooled internally, usually by water or liquid nitrogen, and
rotated. A thin stream of liquid is then dripped onto the wheel and cooled, causing rapid
solidification. This technique is used to develop materials that require extremely high cooling

rates in order to form, such as metallic glasses. The schematic drawing of the melt spinning is
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shown in Fig. 2-11 (a). The melt spinning process was conducted in our group and the picture

of the facility is shown in Fig. 2-11 (b).

2.24.3 FSP parameters for fabricating extrinsic reinforced Mg-AZ31 based

composites

The fixed pin tool with 6 mm in diameter and 6 mm in length was used. The shoulder
diameter was 18 mm, and the applied tilt angle of the fixed pin tool was 2°. The plate was 10
mm in thickness. The FSP parameters of advancing speed of 800 rpm and pin rotation of 45
min/min were applied in the present experiment. The FSP was conducted for one to four
passes (denoted as 1P to 4P), the advancing direction for the subsequent pass was in opposite

direction to the previous pass (i.e. proceeding in a forward and then backward way).

2.2.4.4 FSP parameters for producing the ultrafine grained AZ31 alloys

A tool with shoulder diameter, pin tool diameter and length of 10 mm, 3 mm and 3
mm, respectively, was used to perform the FSP. The tool rotation rate of 800~1200 rpm was
adopted and the advancing speed was 28~37 mm/min. A tool tilt angle 1.5° was used. In
order to obtain rapid heat sink during FSP, the newly efficient cooling system with liquid N,
was conducted. The thin plate used in present study is 4 mm in thickness. Finally, Fig. 2-12

shows the experimental procedures for this research.

2.3 Microhardness measurements

A Shimadzu HVM-2000 microhardness machine with standard Vicker’s diamond
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indenter was used. The measurement condition is 200 g for 15 seconds along the transverse
direction in transverse cross-sectional plane. The interspace between measurement positions
is 500 um and every measurement position is measured three times with the interspace of 200
um along the vertical direction. The hardness value of every measurement position is the

average value of three readings.

2.4 Mechanical tests

The tensile test was performed using in the Instron 5582 machine. The loading
temperatures are set to be the room temperature. The strain rate is set to be 1x10° s at room
temperature. The loading direction is perpendicular to the welding line. The detailed size of
the tensile sample is shown in Figs. 2-13. The gauge section of the perpendicular tensile
sample is the nugget zone, so that the actual mechanical properties of the FSP nugget zone

can be revealed.

2.5 The analysis of X-ray diffraction

The analysis of X-ray diffraction was performed using the Siemens D-5000 X-ray

machine with a working voltage of 40 kV, and electron current of 30 mA. The analysis of

X-ray diffraction was proceeded on the transverse cross-sectional plane.

2.6 Microstructure observations
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2.6.1 Optical microscopy (OM)

The transverse cross-sectional planes of FSP samples are observed. The sample was cut
by slow cutter followed by cold mounting. The samples to be cold mounted were ground with
P800, P1200, P2000 and P4000 SiC papers and then polished with 0.3 um and 0.05 um Al,O;.
After grinding and polishing, the samples were cleaned by methanol in an ultrasonic cleaner
to obtain a clean and bright sample surface. The clean samples were etched by mixture of 5 g
picric acid, 100 ml methanol, 5 ml acetic acid and 10 ml water to reveal the appearance,
porosities and grain size of the nugget zone. Besides, the mixture of 5 g NaNOs, 20 ml acetic
acid and 80 ml water was also used to etch the clean samples to reveal the flow pattern of the
nugget zone. The optical microscopy (OM) was undertaken using the Microphoto-FXL
optical microscope manufactured by Nikon and the images were recorded by coolpix995

digital camera also manufactured by Nikon.

2.6.2 Scanning electron microscopy (SEM)

Due to the magnification limited of the optical microscopy, the FSPed AZ31 alloys
which obtain ultra-fine grained microstructure have to be examined by SEM. JEOL
JSM-6330 SEM was utilized to observe the ultra-fine grained microstructure here. Before
observation, the transverse cross-sectional plane was polished to the stage using 0.05 um
Al,O3 and etched by mixture of 5 g picric acid, 100 ml methanol, 5 ml acetic acid and 10 ml

water to reveal the appearance, porosities and grain size of the nugget zone.

The distribution of the nano-sized ZrO, particles in magnesium based composites made
by FSP was also examined by JEOL JSM-6330 SEM. Before observation, the transverse

cross-sectional plane was polished to the stage using 0.05 um Al,Os. The clean samples were
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observed on suitable magnification by secondary electron image (SEI) or back scattered
electron image (BEI) and the recorded images were analyzed by Optimas” image analysis
software. In addition, the fracture surfaces of tensile samples after tensile deformation were

also examined using SEM.

In order to identify the constituent component and confirm the composition percentage
of the intrinsic reinforced Mg-Al-Zn alloys, the samples were characterized by SEM with

energy dispersive X-ray spectrometry (EDS).

2.6.3 Transmission electron microscopy (TEM)

The morphology of grains/subgrains and the dispersion of reinforcement phase in matrix
and interface between the reinforcement and matrix were examined by TEM using a JEOL
3010 electron microscope operating at 200 kV. The specimens sampled from the nugget zone
from the transverse cross-sectional plane were ground into thin foil by SiC papers and
punched into a 3 mm disc for TEM microstructure characterizations. The 3 mm discs were
electrically polished by twin-jet polisher using a solution of 22.32 g magnesium perchlorate,
10.6 g lithium chloride, 200 ml 2-butoxy ethanol and 1000 ml methanol electrolyte, the
polisher applied a voltage of 90 V while keeping the electrolyte at about -40°C. After the
polishing finished, samples were taken out immediately and washed in ethanol and then
soaked in ethanol for about 1 min, and then dried and stored in a dry environment to prevent

oxidation.

As for the ultra-fine grain AZ31 Mg alloys with the nugget zone smaller than 3 mm in
diameter, the TEM specimens are prepared by the advanced focus-ion-beam (FIB) technique.

The focus ion beam instrument (SMI 3050) belongs to the dual-beam type of FIB, where one
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beam can provide a second-electron image to observe the appearance of the sample, and
another can provide the etching function by Ga’ ion for the TEM specimen, cross-section
image, and patterns, and so forth. The specimens, fixed on an aluminum holder and cleaned
by nitrogen, were moved into the FIB chamber. The approximate 1 um x 3 um area was
deposited with a carbon film to protect the damage from the Ga’ ion during the process of
preparation, as shown in Fig. 2-14. Then, the slope-etching was employed at the upper and
under areas. At this moment, the archetype of the TEM specimen in the trapezoid shape was
fabricated. The TEM archetype was retouched two parallel planes, and the thickness of the
TEM specimen was thinned out less than 100 nm. Finally, the bottom part and both sides of
the TEM specimen were cut. Then, the finished TEM specimens were moved on a

carbon-coated Cu grid and examined by the TEM.
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Chapter 3

Experimental results

3.1 Basic AZ31 alloy FSP trials

3.1.1 The appearance of the FSPed pure AZ31 alloy specimens

The appearances of the FSPed specimens are shown in Fig. 3-1. A hole can be seen on
the specimens because the extraction of the fixed pin tool after the process. The volume of the
hole is equal to the volume of the fixed pin. This shortage could be overcome by using the
adjustable pin tool. Generally, semicircular rings are observed on the top surface of the stirred
zone. The size of the semicircular features (XY plane in Fig. 3-2) is found to be related to the
forward motion of the tool during one rotation cycle which also depends on processing
parameters. The appearances of various FSPed specimens from the normal direction (ND)
view (XY plane in Fig. 3.2) with different processing parameters are shown in Fig. 3-3. From
Figs. 3-2 (a), (c), and (e), it can be seen that in the constant processing speed (90 mm/min),
the spacing of the semicircular features decreases with increasing rotation rate which makes
the appearances of the semicircular features smoother. In addition, from Figs. 3-3 (b), (d), and
(f), in the constant rotating rate (800 rpm), the spacing of the semicircular features increases
with increasing processing speed which makes the appearances of the semicircular features
rougher. The spacing between the rings is roughly equal to the forward movement of the tool
in one rotation. For the same period and processing speed, the increasing of rotating rate
means the tool rotates more cycles in a fixed distance which shortens the spacing between

each ring and makes the semicircular feature smoother. In addition, for the same processing
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period and rotating rate, the tool rotates less cycles in a fixed distance when the processing
speed increases. Therefore, ring spacing increases and the semicircular feature becomes

rougher.

Figure 3-4 shows the cross-sectional views of the FSPed AZ31 alloy. It can be defined as
the nugget zone, thermomechanically affected zone, and base metal. The feature of onion ring
is contained in the nugget zone. The size of nugget zone is approximate equal to the size of
pin. The pin tool with shoulder diameter, pin diameter, and pin length of 18, 6 and 6 mm,
respectively, is used in present stage. The nugget zone is also called the dynamic
recrystallized zone which experiences dynamic recrystallization. When the tool rotation, the
material was stirred and forming a plastic material flow around the rotating pin and material
is repeated in every rotation. Such material flow would lead to repetitive introduction of
strain and strain rate into material, which probably produces an alternation of
three-dimensional ellipsoidal surfaces, as shown in Fig. 1-10 (a). The alternation of the
ellipsoids generates an onion ring structure in the nugget zone on the cross section
perpendicular to the processing direction, as shown in Fig. 3-4. It also shows a region, named
as TMAZ, which contains distorted grains between the nugget zone and base matrix in Figs.
3-4(c) and (d). The observed TMAZ region in Mg alloys is not as apparent as that in Al alloys.
Although the TMAZ underwent plastic deformation, recrystallization did not occur in this
zone due to insufficient deformation strain. Typically, the recrystallization temperature for
Mg alloys is around 0.5-0.7 Ty, (or around 250-400 °C) which is lower than 0.6-0.8 Ty, or
around 300-450°C for Al alloys. Therefore, Mg alloys can experience more complete

dynamic recovery and dynamic recrystallization easily than Al alloys.

3.1.2 The microstructure of the modified AZ31 alloy made by FSP
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The as-received AZ31 alloys contained coarse grains around 75 wm, as shown in Fig.
2-1. AZ31 alloy can be considered as solid-solution alloy without precipitates. Microstructure
characterization in this study was focused on the dynamically recrystallized nugget zone. The
as-received AZ31 alloy with a coarser grain size turned to posses equiaxed and smaller grains
in the nugget zone (i.e. dynamically recrystallized zone) after FSP. Figs. 3-5 and 3-6 show the
typical grain structures of AZ31 alloy specimens after one-pass FSP. Compared to the
as-received AZ31 alloy, the grain sizes of FSP AZ31 alloy specimens are obvious smaller and
can be refined drastic from 75 pum to less than 8 um under all conditions in this study, as
shown in Table 3-1. The grain shape observed from different cross-sectional planes is
consistently of the equiaxed fully recrystallized type. The grain sizes near the bottom region
of the dynamically recrystallized zone are typically smaller. For example, the grain sizes in
top, middle and bottom regions of the FSP AZ31 alloy specimens at 800 and 1400 rpm are
3.7/3.6/2.0 um and 4.7/3.8/2.6 um, respectively. The larger grain sizes in the top regime are
due to the more severe temperature rise caused by the friction heat generated from the tool
shoulder. The recrystallized grains would gradually increase with increasing rotational rpm
speed as shown in Figs. 3-5 and 3-7. The higher rotation rate causes severer rotation actions
which could produce more heat energy. More generated heat brings a larger driving force for
grain growth and results in larger grains. With regard to the influence of the advancing speed,
the lower advancing speed would result in inputting more heat energy. Figures 3-6 and 3-8
show the variation of recrystallized grain size in the nugget zone for different advancing
speeds. It could be seen that the parameter of 45 mm/min advancing speed result in the
biggest grain than all others under the same rotational speed of 800 rpm. On the other hand,
the parameter of 800 mm/min advancing speed leads to the finest grains. From the
experimental results, it is suggested that heat input increases with decreasing advancing speed
and/or increasing rotational speed. The growth of the nucleated grains would be affected

easily by the heat generated during the process.
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3.1.3 The temperature of the stirred zone of modified alloys

The typical temperature profiles measured by the inserted thermocouple into the AZ31
alloys are shown in the Fig. 3-9. The temperatures measured during FSP varied from 250°C
to 450°C, depending on the FSP rotation speed. Higher rotation rate can generate more heat
energy during FSP and result in larger residual grains in the nugget zone. The temperature
rise duration is about 150 s. Such temperatures are compatible to those experienced during
our previous hot extrusion research [24,52]. And the resulting grain sizes can also be
compared. In addition, the temperature profiles also varied with advancing speed, as shown in
Fig. 3-10. With a higher advancing speed, the measured peak temperature is lower and
temperature rise duration is shorter. This yields the lower and shorter heat history during FSP
and results in finer grain sizes. The summary of temperature measurements with different
parameters is listed in Table 3-2. From the temperature measurements, it can be shown that
the rotation rate and advancing speed are important parameters which mainly affect the heat
history during FSP and final residual microstructure in the nugget zone. These temperature
results are also consistent with the grain size observations in OM, and the measured
temperature ranges in this study are also consistent with the typical recrystallization

temperatures which are around 0.5-0.7 Ty, (or around 250-400°C) for Mg alloys.

3.1.4 Hardness measurements

The typical microhardness readings, Hy, in the central cross-sectional zones of the FSP
specimens are depicted in Fig. 3-11. For the AZ31 alloy, after FSP, the hardness could
increase from ~50 H, up to ~90 H, due to grain refinement via dynamic recrystallizaiton.

This hardness result is also consistent with the grain size observation in OM. After FSP, the
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obvious increments in hardness of the nugget zone in AZ31 alloys were seen. It is unlike
some precipitation hardening aluminum alloys which sometimes show drastic decreasing
hardness values in the nugget zone after FSP. This is because that the precipitates of
precipitation hardening alloys could dissolve into the matrix or form coarser precipitates
during the thermal cycles of FSP, causing the decrement in hardness in the nugget zone. The
typical microhardness readings, Hy, in the various zones of the FSP specimens are depicted in
Fig. 3-12. Based on systematic hardness measurements of the base and FSP specimens, the

Hall-Petch relationship is well followed (d, in um), i.e.,

H,=40+ 72d". 4)

The average hardness values are also summarized in Table 3-3.

3.1.5 Grain orientations

With strong dynamic recrystallization occurred during FSP in the current AZ31 Mg, the
equiaxed fine grains exhibit much lower texture intensities as compared with the as-extruded
AZ31 specimens [24,170,171]. Figure 3-13(a) shows the computer simulated X-ray
diffraction for completely random Mg. The (101 0) and (0002) peak heights are about half of
the (1011) peak height, all present within the 20 of 30-40°. The XRD pattern for the
transverse cross-sectional plane of the as-received billet is shown in the Fig. 3-13(b). The
as-received billet basically exhibits nearly random grain orientation. The XRD diffraction
patterns for the transverse cross-sectional plane of the as-received billet and its representative
FSP specimens are shown in Fig. 3-14. The as-received billet exhibits basically nearly
random grain orientation, reflecting its fully recrystallized coarse grained structure. As FSPed

at a lower rotation speed of 800 rpm, the (0002) plane tends to lie on the transverse plane of
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the FSP specimen (perpendicular to the pin travel direction and parallel to the onion back

surface, as also observed by Park et al. [91]). With increasing rotation speed to 1400 or 1800

rpm, the (IOi 1) peak height increases slightly, but never approaching to the random case.

3.1.6 Brief conclusions of basic AZ31 alloy FSP trials

The relationship between processing parameters and the resulting grain size and
temperature and mechanical properties for FSP in AZ31 Mg is systemically examined. In the
views of grain refinement and hardness enhancement, FSP is a useful process to refine grain
size in Mg alloy and fine grain size also results in obvious increment of hardness value which
follows well to the Hall-Petch relationship. Based on experimental results, the most important
parameters are rotation rate and advancing speed, which are also related to the amount of
generated heat energy. Therefore, in order to get finer grain size with increment of hardness,
lower rotation rate and higher advancing speed are both considered to apply during the FSP.
In the above experiments, the finest recrystallized grain size can be refined from 75 um to ~2
um which is about 3% of the original billet grain size, and the hardness can be enhanced up

to ~90 H, which is 1.8 times of original base material (~50 Hy).

However, the means of only changing parameters in this step are not capable of
producing extremely fine nano-scale microstructure with high hardness. The grain size can
only be refined to micro-scale by the present step. Therefore, for the sake of achieving the
goals of nano-scale grain size and triple of the hardness, more efforts and other specific
approaches are needed. There are several improved ways which are considered to be carried
on in the next steps. The flow chart is also shown in Fig. 2-1. The following steps are mainly
classified into two ways. One is thought to reduce the generated heat or to accelerate heat

conduction rate from the specimens. Another is trying to add reinforcements. With the help of
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additional reinforcements combined with the base alloy, the hardness value can be further

improved and the grain size can also be refined.

3.2 With reinforcements to enhance higher hardness values and finer grains

The severe plastic deformation and material flow in the stirred zone can be utilized to
achieve surface or bulk alloy modification via mixing of other elements or second phases into
the stirred alloys. The stirred materials can result in metal matrix composites [6,7,167] or
intermetallic alloys [172] with much higher hardness and wear resistance. There are two
primary approaches to reinforce the AZ31 Mg alloys for finer grains or higher hardness. One
is intrinsic and the other is extrinsic method. The extrinsic method depends on adding other
ceramic particles, such as SiO, or ZrO, particles, as the reinforcements. Then, the Mg-AZ31
based composites with nano-ZrO, and nano-SiO, particles can be fabricated by FSP. As for
the intrinsic method, the existing solute elements of AZ31 Mg alloy, such as Mg, Al and Zn,
are selected and combined together by FSP. During the repeating of heating and plastic
deformation in the stirring action of FSP, there are several intermetallic compounds formed in
situ as the reinforcements for the base material and the resulting materials will exhibit much

more promising thermal and mechanical properties.

3.2.1 Intrinsic reinforcements for obtaining finer grains or higher hardness

3.2.1.1 The appearance of the FSPed specimens

Figure 3-15 shows the appearance of the FSPed specimens and the nugget zone of

intermetallic alloys. It can be seen that the specimen consisted of several thin foil with
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different elements. After FSP, all thin foils are combined together and the materials in the stir
zone are mixed well. The stir zone for the multi-element intermetallic specimen was typically
about the size of the rotation pin, namely 6 mm in width and 5 mm in depth, which is slight
smaller than the dynamically recrystallized zone seen in the AZ31 Mg alloys (~7 mm in
width and 6 mm in depth). It is conceivable that the intermetallic specimens are much harder

and become less deformable during FSP.

3.2.1.2 Microstructure

The alloy composites vary in a wide range within Mgs75.g0Als.25Zn;9.45. Figures 3-16 to
3-21 present some examples of the SEM micrographs using the backscattering electron image
(BEI). For example, the microstructure of the Mg;0AlsZn,s system with air cooling after three
passes of FSP, as shown in Fig. 3-16, contains a fine grained darker Mg (measuring 0.1-2 um)
surrounded by lighter Al and nearly white Zn. The low melting Zn (T~ 420°C) appears to
have fully melted during FSP and is squeezed into a thin layer coating the Mg grains. There
are a few large particles with distinct contrast in Fig. 3-16, typically around 5 um in size. The
composition determined by SEM energy dispersive spectrometry (EDS) is close to
Mg;Al,Zn; (sometimes defined as the Mgs»(Al,Zn)49) T phase, with a cI162 space group and
a cubic lattice constant of 1.42 A when slowly cooled or with an icosahedral structure when
rapidly quenched. For higher Al and Zn content, to compositions of MgspAlsZnss or
Mgs; 5AlxsZnss s, the T particles occupy with higher volume fraction in the matrix, as shown
in Figs. 3-17 and 3-18. With the cooling rate improved by copper clamping kits with a water
cooling system, the microstructures also tend to be more homogeneous with smaller T
particles, as shown in Fig. 3-19. After ten FSP passes, the microstructure of Mgs75AlxsZns7 s
becomes more and more homogenous with much smaller T particles, as shown in Fig. 3-20.

Systematic SEM/EDS measurements for the white contrast phase have been conducted. It is
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consistently found that the composition of this phase is close to Mgug2:18Al17241.5Z1033641.8,
not far from the Mg;Al,Zn; T phase, as determined by XRD and TEM diffractions. For
comparison, the Mg;oAlsZn,s alloy system was also prepared by rapid quenching melt
spinning with a cooling rate around 10° K/s. The typical SEM/BEI micrograph is shown in
Fig. 3-21. There is no apparent large intermetallic particle seen in the matrix. The whole

specimen contains a homogenous and amorphous phase.

3.2.1.3 X-ray diffraction

The XRD patterns of the MgzAlsZn,s system fabricated by FSP and melt spinning are
compared in Fig. 3-22. There is no detectable crystalline peak for the melt spun amorphous
specimen, but many crystalline peaks for the FSP counterpart. The typical XRD patterns of
the Mg70AlsZn,s, MgsoAlsZnys and Mgs; sAlysZns; s alloys fabricated by FSP such are shown
in Fig. 3-23. When the Al and Zn contents were low, the XRD patterns of the MggoAlpZno
system resembled those of the FSP AZ31 alloys. With much more Al and Zn in Mg7AlsZn;s,
MgsoAlsZngs and Mgs; sAlxsZnsgs, the XRD patterns in Fig. 3-23 are replaced by multiple
phases, including the intermediate phases of Mg;Al,Zns (in the form of either cubic or
icosahedral crystal structure), Mg,AlZn and Mg4AlZn;;, and possibly some others. The
diffraction peaks gradually declined and broadened with increasing FSP passes, suggesting
the overall refinement of the microstructure. The peak broadening becomes more apparent in
MgsoAlsZnys or Mgs;sAlysZnss s, as shown in Fig. 3-23. It appears that the increasing FSP
passes and higher Al and Zn contents are promising means of refining grains to submicron- or

nano-scales.

3.2.1.4 Hardness measurement
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The typical hardness measurement results along the transverse cross-sectional plane are
depicted in Fig. 3-24. The average H, values in the various alloy systems and processes are
also compared in Table 3-4. The hardness is seen to gradually increase with increasing Al and
Zn contents (Fig. 3-24). The average hardness value approaches 350 H, in the MgsoAlsZn4s
and Mgs7.5AlysZn37 5 systems after 3 passes without cooling system. However, the variation of
hardness values with higher Al and Zn contents also slightly increases. Increasing the FSP
passes would reduce the variation of H, readings inside the nugget zone and the
microstructure becomes more uniform. The hardness value of Mgs7sAlysZn37 s after 10 passes
shows minimum variation. This is due to the highly uniform microstructure in this system
which can be seen in the Fig. 3-20. The hardness value of Mg AlsZnys fabricated by melt
spinning could approach 264 H,, but the hardness value of the same alloy system fabricated
by FSP is only 164 H,. The difference in hardness is originated from the different phase
structures. It is obvious that a higher cooling rate is still necessary to generate fully or

partially amorphous phase in the Mg-Al-Zn system.

3.2.1.5 TEM examination

TEM characterization on the Mgs7s5Aly,sZn37 5 alloys, based on both diffraction patterns
and TEM/EDS measurements, has revealed the abundant Mg;Al,Zn; phase. In addition to the
large particles (~3-10 wm) seen from both the SEM and TEM micrographs, there are many
submicron- or nano-sized intermetallic phases, as shown in Fig. 3-25. The diffraction and
EDS analyses suggest that these are mostly the Mg;Al,Zn;, Mg;Zn3, Mg,AlZn phases. The
intermediate MgszAl,Zn; particles, defined as the T phase, have been seen to possess either the
cubic or icosahedral five-fold symmetry point group, the latter is shown in Fig. 3-25(c). Both
phases have the composition close to Mg;Al,Zn;3, but would be formed upon slow or rapid

cooling. During FSP, both phases have been induced, suggesting the cooling rate after the pin
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stirring is within the overlapping region for these two phases. The grain sizes of the elemental
Mg as seen in TEM micrographs are typically in the range of 0.05-1 um, which are also
smaller than those seen in SEM. It means that the Mg phase observed in the SEM/BEI
micrographs is actually composed of several submicron or nano-sized grains. This result
signified the good grain refinement efficiency of FSP. Meanwhile, there are also some

nano-scaled intermetallic phases with sizes near ~10-100 nm dispersed inside the Mg grains.

3.2.1.6 Brief conclusions of in-situ formed intermetallic compounds reinforced

Mg-Al-Zn alloys made by FSP

Bulk intermetallic compounds reinforced Mg-Al-Zn alloys with different fractions of
AZ31 sheets, Al and Zn foils were successfully fabricated by friction stir processing.
Multi-passes and high fractions of Al and Zn elements results in apparent grain refinement,
proved by the broadening of diffraction peaks and from SEM results. Some intermetallic
compound phases were generated after multi-passes FSP and some of them are quasi-crystals
with icosahedral point group symmetry. The average hardness of the multi-element Mg base
alloy made by FSP reached nearly 350 in H, scale, especially in the Mgs)AlsZnys or
Mgs;5AlhsZnsy s system, due to the generation of intermetallic compounds and grain
refinement. The microstructure and hardness in the stirred zone become much more refined

and uniform due to increasing FSP passes to ten.

Although the in-situ formed imtermetallic compound reinforced Mg-Al-Zn alloys can
possess extremely high hardness and some nano-grains or particles, the original compositions
of pure AZ31 alloy are shifted a lot. The applicable properties for in-situ formed
imtermetallic compound reinforced Mg-Al-Zn alloys are also different with the AZ31 alloys.

Therefore, using the extrinsic reinforcements for obtaining finer grains or higher hardness is
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taken into consideration. The composition of particle reinforced Mg based metal matrix
composites can remain closer to the original base alloy and not be shifted much. The
applicable properties of this kind of composite are more comparable with the original base

alloy.

3.2.2 Extrinsic reinforcements for obtaining finer grains or higher hardness

In order to refine grain size and enhance hardness value for the AZ31 Mg alloy,
Mg-AZ31 based composites with nano-ZrO, and nano-SiO, particles are fabricated by FSP.
The nano-ZrO, particles are of the monoclinic phase with an average size around 20 nm. The
nano-SiO, particles are of the amorphous phase also with an average size around 20 nm. The
shapes of nano-ZrO, and nano-SiO; particles both are granular. The XRD phase identification

and TEM images of the particles are shown in Fig. 2-4.

3.2.2.1 The appearance of the FSPed composite specimens

The appearances of the Mg-based composites fabricated by FSP are shown in Fig. 3-26.
It also shows a hole on each specimen because of the extraction of the fixed pin tool after the
process. The volume of the hole is equal to the volume of the fixed pin. The cross-sectional
views of the composite specimens are shown in Fig. 3-27. No sign of the grooves filled with
nano-particles can be observed in the nugget zone. This result implies that the nano-particles
placed in the grooves have been stirred into the Mg alloys matrix. Due to the combination of
nano-particles with the matrix Mg alloy, the nugget zone of the composite specimen shows
darker color. The nugget zone, also called dynamic recrystallized zone, experiences high
strain and occurs dynamical recrystallization. TMAZ, as shown in Fig. 3-27(b), is a region

containing distorted grains between the nugget zone and base matrix.
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3.2.2.2 Microstructure of Mg matrix composites made by FSP

The OM observation is limited due to its depth of field and magnification. Therefore,
SEM is conducted to characterize the composite specimens with the magnification greater
than 1000 times and the observed results are analyzed by the Optimas® image analysis

software.

Microstructure characterization in this study was mainly focused on the distribution and
local clustering of the nano-ZrO; particles, as well as the matrix grain structures in the stirred
zone that have undergone dynamic recrystallization. The frictional heating and severe plastic
deformation are simultaneously introduced into the stirred material during FSP by the
rotating tool. Therefore, it is expected that both the frictional heating and plastic strain would
lead to the formation of dynamically recrystallized grains. These two effects would also help

in dispersing the inserted nano-ZrO, and nano-SiO, particles in the stirred zones.

After one-pass (1P) FSP, the dispersion of the nano-particles within the central
cross-sectional area of the friction stir zone (FSZ) is basically uniform, as shown in Fig.
3-28(a). The observed clustered particle size is frequently 0.1-2 um, much larger than the
individual nano-particle size (~20 nm). In addition, some local inhomogeneous areas of the
particles can be found in the 1P FSP sample, as shown in Fig. 3-28(b). The clustered size of
the particles after two to four passes (2P to 4P) appears to have further reduced, as shown in
Fig. 3-28(c). It means that the composite made by FSP with further stirring passes; the
clustering phenomenon could be eliminated gradually. The statistical measurements for the
volume fraction of amorphous SiO; nano particles in matrix yield the values around 5 vol%

and 10 vol% for the specimens with one groove (1G) and two grooves (2G), respectively. In
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contrast, the volume fractions of the ZrO, nano-particles in matrix are estimated to be around
10 vol% and 20 vol% for 1G and 2G, respectively. The higher ZrO, content than the SiO,
case is due to the fact that ZrO, particles are much heavier, leading the insertion of particles

in the groove more efficient.

Figures 3-29 and 3-30 show the SEM/SEI images of the SiO, and ZrO, composites
specimens with different volume fractions under different magnifications, respectively. The
SEM/BEI images of ZrO, composite specimens with different volume fractions are also
shown in Fig. 3-31. The bigger particles are the clustered ZrO, nano particles, as shown in
Fig. 3-32. Because of the small atomic number difference between Mg and Si, it is difficult to
distinguish SiO; particles from the Mg alloy matrix under SEM/BEI images, but it is much
more readily for the ZrO,/Mg composites. Meanwhile, with increasing FSP passes, the
average grain size, d,, of the AZ31 alloy matrix is also significantly reduced from around 75
um in the initial billet to 2~4 wm in the 4P FSP samples. At higher magnifications, these
clustered particles are generally located on the grain boundaries or triple junctions, and some
are embedded inside the grains, as shown in Fig. 3-33. The summary of the clustered size of
the particles and the average grain size of the AZ31 alloy matrix in the 4P FSP samples are

listed in Table 3-5.

Provided that all of the nano-particles are individually and uniformly dispersed in the

alloy, the theoretically estimated particle interspacing L, (=(d/2)(27/3)"*

, where f is the
particle volume fraction) [64], and thus the approximate grain size d,, should be less than 0.1
um. It follows that a certain level of local clustering is inevitable, and not all nano-particles
can restrict grain boundary migration. Note that the typical grain size of AZ31 alloy (without

nano-particles) after the same 4P FSP was measured to be around ~6 um. The grain size in

the FSP composite samples with nano-particles can be refined to 2~4 um, indicating that the
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nano-particles or clusters in the matrix did play an effective rule in restricting grain boundary

migration.

3.2.2.3 XRD results

Figure 3-34 shows the XRD patterns of the modified AZ31 Mg alloys with different
advancing speeds. It could be seen that the (0002) peak in the FSPed AZ31 Mg alloy with a
90 mm/min advancing speed is significantly stronger than the (1011) peak, as compared with
the random Mg. It implies that the (0002) plane tends to lie on the transverse plane of the FSP
specimen (or perpendicular to the pin travel direction). However, the XRD patterns of the
FSPed AZ31 Mg alloy with 45 mm/min show random-like distributions despite in the
modified AZ31 alloy or AZ31 composites, as shown in Figs. 3-34 and 3-35. It is suggested
that the AZ31 Mg alloy is softer, and is easily to be affected by the heat generated during the
process. As FSPed at a much lower advancing speed of 45 mm/min, the induced higher
temperature rise results in more complete dynamic recrystallization, as well as more random

orientation, almost approaching to the random pattern shown in Fig. 3-13(a).

The XRD patterns for the transverse cross-sectional plane of the ZrO, and SiO, FSP
composites are presented in Fig. 3-34. It can be seen from Fig. 3-35(a) that in the
Mg-AZ31/ZrO, composite there is no new phase except for a small amount of the ZrO,
reinforcement phase (weak peaks) and the Mg matrix. This indicates that the crystalline ZrO,
phase is very stable, no reaction between the ZrO, phase and Mg-AZ31 matrix occurred
during FSP. However, some additional weak peaks, identified as Mg,Si and MgO, can be
found in the FSP Mg-AZ31/S10, composite, as shown in Fig. 3-35(b). It is evident that the
chemical reaction between the SiO, phase and Mg matrix has occurred during the FSP

mixing. The reaction in the Mg - SiO; system can be described by the following reaction of
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4Mg + Si0; — 2MgO + Mg, Si. Our previous study also confirmed the presence of the Mg,Si

and MgO phases in the Mg-AZ61/nano-Si0, composite fabricated by the FSP route [171].

3.2.2.4 Hardness measurements

The typical Vickers hardness readings, H,, measured along the central cross-sectional
zones of the FSP samples are depicted in Fig. 3-36. Compared with the AZ31 alloy without
the ZrO, powders reinforcements, almost a double increment of the hardness, 105 H,, was
achieved for the present composites, especially for the 2G4P sample with ~20 vol% ZrO,
particles, as seen in Table 3-6. After FSP, the scattering of H, within the FSP nugget zone is
considered to be relatively minor, implying that the pin stirring has efficiently dispersed the
nano-ZrO, particles in a reasonably uniform manner, especially after more than one pass. In
comparison, the SiO, containing composites show lower H,, mainly a result of the lower
particle volume fraction. For the AZ31 alloy without any ZrO, reinforcement, after four
passes FSP, the H, could also increase from ~50 for the AZ31 billet up to ~70, due to the
grain refinement from ~75 wm down to ~6 um via dynamic recrystallization. This hardness
result is also consistent with the grain size observation in OM/SEM. The grain size in
composites specimens could be refined to 2 um, compared with the AZ31 alloy specimen (~6

um) without any ZrO; or SiO; particle added into matrix.

3.2.2.5 Mechanical properties

All tensile samples were machined perpendicular to the processing direction from the
central region of the FSP nugget. Table 3-6 also lists the tensile properties of the AZ31 FSP
alloy and composites, taking the average from two or three samples. For the AZ31 billet

without FSP, the room-temperature yield strength (YS), ultimate tensile strength (U7S), and

63



tensile elongation are ~100 MPa, 160 MPa, and 9%, respectively. After 4P FSP for the AZ31
billet, they are improved to ~120 MPa, 204 MPa, and 18%. The increase of YS and UTS as
well as elongation for the FSP AZ31 sample was mainly contributed by the grain refinement.
For the FSP composites, the YS and UTS were improved also by the nano-particle
reinforcements, in addition to the apparent grain refinement. For example, the yield stress of
the Mg-AZ31/ZrO, FSP composites was improved to 143 MPa in the 1G4P (~10% ZrO,) and
to 167 MPa in the 2G4P (~20% ZrO;) samples. The ultimate tensile strength is also
appreciably improved in parallel. The increment of YS and UTS for the SiO, containing

composites was slightly lower, due to the lower particle volume fraction.

The differences in the fracture behavior after tensile tests between the FSP Mg-AZ31
alloy and the particle reinforced composites can be seen from the SEM fractographs in Fig.
3-37. The fracture surface of the FSP AZ31 alloy exhibits elongated uniform dimples, as
shown in Fig. 3-37(a), which indicate the overall ductile fracture mode with a tensile
elongation of 18%. In contrast, the fracture behavior of the present composite, for example,
Mg-AZ31/10%ZrO,, is very different, as shown in Fig. 3-37(b). Some dimples with the
clusters of ZrO; particles, and some round and shallow small dimples in the matrix area can
be seen on the fracture surface of the composite. The more shallow dimples indicate a

relatively more brittle fracture mode with a tensile elongation of 6%.

3.2.2.6 Mg based composites with tetragonal phase nano-ZrQ; particles fabricated by

FSP

The tetragonal phase nano-ZrO, particles, yttria-stabilized zirconia (YSZ), with an
average size around 40 nm are also chosen as the reinforcement here. The processing

parameters and fabrication method are both the same as other AZ31/monoclinic phase ZrO,
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composites during FSP. The amount of added tetragonal phase ZrO, particles is also the same
with the monoclinic phase ZrO; particles for 1G and 2G, respectively. The XRD patterns for
the transverse cross-sectional plane of the tetragonal phase ZrO, FSP composites are shown
in Fig. 3-38. It can be seen that there is also no new phase except for a small amount of the
ZrO, reinforcement phase (weak tetragonal phase ZrO, peaks) and the Mg matrix. There is no
reaction between the tetragonal phase ZrO, and Mg-AZ31 matrix during FSP which is the
same as the previous monoclinic phase ZrO, results and also can be proven from the Mg-Zr
phase diagram. From the phase diagram, there is no reaction occurring or intermetallic
compound produced during the specific temperature period and composition range in the FSP
process. Figure 3-39 shows the Vickers hardness readings, H,, measured along the central
cross-sectional zones of the FSP samples. It can be seen that average hardness values of both
1G4P and 2G4P tetragonal nano-ZrO, particles reinforced Mg AZ31 composites are higher
than 1G4P and 2G4P Mg AZ31 composites which are reinforced by monoclinic phase

nano-ZrO,, respectively.

The mechanical properties, strength and especially toughness are enhanced by the
presence of transformation toughened =zirconia particles. The increasing hardness of
Mg/tetragonal-ZrO, Mg composite is suggested to be induced by the transformation of the
tetragonal zirconia particles. It is well-known that tetragonal phase zirconia is able to
transform to the monoclinic phase if a stress field is developed around the particles [173].
Because of the volume expansion (> 3%) and shear strain (1-7%) developed in the
transformed particles (Fig. 3-40), a resultant compressive stress is generated in the matrix
which can prevent the crack from moving, thus accounting for the increase in hardness.
Therefore, the increment of hardness in the Mg/tetragonal-ZrO, Mg composites is caused

from the transformation toughened zirconia.
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3.2.2.7 The XRD and hardness analysis for the Mg/tetragonal phase ZrO, composites

after subsequent compression

Lee et al. [174] have proposed a route for improving mechanical properties of friction
stirred Mg-Al-Zn alloys by subsequent compression along the normal direction which could
improve the unfavorable texture by inducing deformation twins, thus raising the yield stress
and hardness significantly. Therefore, the Mg/tetragonal phase ZrO, composite was chosen to
be subjected to the subsequent compression along the normal direction. The XRD diffraction
patterns of the 1G4P and 2G4P Mg/tetragonal phase ZrO, composites after 6% strain of
subsequent compression along the normal direction are shown in Fig. 3-41. The grain
orientations are changed after compression. Fig. 3-42 shows the hardness profiles for both
1G4P and 2G4P composites after 6% compression, respectively. After 6% compression, the
hardness values for both 1G4P and 2G4P are slightly increased from 103 H, and 113.5 H, to
105 Hy and 120 H,, respectively. Unlike the results of compressed pure AZ61 alloys in Lee’s
report [174], the increment of hardness after compression here is much smaller. This may
because the grain sizes here are much smaller than previous reported AZ61 alloy. The

activation of twins is more difficult and the effect of twins is less obviously.

3.2.2.8 Brief conclusions for Mg-AZ31 based composites with nano-ZrO; and

nano-SiO; particles

After a series of systematic experiments on the Mg AZ31/ZrO, and SiO, composites, it
can be concluded briefly as follows:
(1) Friction stir processing successfully fabricated bulk Mg-AZ31 based composites with 10
~ 20 vol% of nano-ZrO; particles and 5 ~10 vol% of nano-SiO, particles. The distribution of

the 20 nm nano-particles after four FSP passes resulted in satisfactorily uniform distribution.
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(2) The average grain size of the AZ31 matrix of the 4P FSP composites could be effectively
refined to 2 ~ 4 um, as compared with the ~6 um in the FSP AZ31 alloy (without particles)
processed under the same FSP condition. The crystalline ZrO, phase is very stable, no
reaction between ZrO, and Mg phases occurred during the FSP mixing.

(3) The hardness and tensile properties at room temperature of the AZ31 composites with
nano-fillers were improved (up to Hy~105 for 2G4P monoclinic phase ZrO, reinforced
composite), as compared with the AZ31 cast billet (H,~50).

(4) Although after subsequent compression, the highest hardness value obtained in the present
stage is about 120 H, or an increment of 2.4 times which is still not reaching the triple goal.
The refined grain sizes did not reach nano-scale, neither. Therefore, exploring other trials to

produce nano-grain size AZ31 alloy by FSP is necessary.

3.3 Using lower heat generation for obtaining finer grain size and higher hardness

From the results of basic AZ31 alloy FSP trials, we know that the resulting
microstructure is related to the heating history during FSP. We can obtain lower heat input by
varying process parameters such as lower rotation rate and/or advancing rate. However, the
effects are limited in certain circumstances. Thus, finding other approaches to fulfill the goal
is necessary. For this reason, the approaches to lower the generated heat and to increase
conduction or cooling rate are taken into consideration. There are several ways put in practice
such as using a smaller tool and a thinner plate as well as applying an efficient cooling

system.

3.3.1 The effects of tool size, plate thickness, and cooling method

67



The basic principle for friction stir processing is the repeating stirring action through the
rotation tool during the entire process. The heat is mainly generated from the friction between
shoulder/pin and the plastic deformed materials in every stirring action. Hence, the rotating
tool is the main source of friction heat. Besides the decreasing rotation rate, using smaller

tool is another effective way to lower the input heat energy.

In addition, to lower the input heat energy, accelerating the heat conduction rate or the
cooling rate are both feasible for refining the resulting microstructures. Fig. 3-43 shows the
variation of recrystallized grains in the nugget zone of the plates with different thicknesses.
Under the same conditions and tool size, the thinner plate can possess finer resulting grain
size after FSP. Shortening the distance between the rotation tool and the bottom back-up plate

in the thinner specimen could increase the thermal conduction rate.

Other than the process parameters, cooling facility is also the method used for
controlling the working temperature during FSP. The function of cooling facility is to
accelerate the cooling rate, to repel the unnecessary heat immediately and to maintain the
working temperature as low as possible during FSP. The applied cooling facility in this study
is the copper made back plate containing three cooling channels with cooling water passing
through them. Fig. 3-44 shows the microstructure of AZ31 alloy nugget zone after FSP with
different back plates or cooling facilities. With a proper or more effective cooling facility, the
finer resulting recrystallized grain size in the stirred zone would be yielded due to the less

experienced heat history.

Furthermore, adding liquid nitrogen and keeping specimen contacting with the liquid
nitrogen is a more effective way to cool the specimen and to bring out the friction heat. With

the accompanying of the liquid nitrogen cooling, the undesired heat causing grain growth
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could be eliminated more quickly. The finer recrystallized grain could be obtained without
the long grain growth stage. Figure 3-45 shows the variation of recrystallized grains in the
nugget subject to the different cooling conditions. The finest recrystallized grains could be
~0.55 um in the bottom of the nugget zone of the liquid nitrogen cooled FSPed AZ31 alloy
specimen. A summary of the recrystallized grain size for the different FSP parameters is
presented in Table 3-7. The hardness profile of FSPed AZ31 alloy with liquid nitrogen
cooling is shown in Fig. 3-46. Through liquid nitrogen cooling system, the resulting
microstructure of nugget zone can possess finer grain size and higher hardness as compared

with other approaches.

Other results by using the combination of smaller tool size, thinner plate, and liquid
nitrogen cooling facility for the FSPed AZ31 Mg alloys are shown in Fig. 3-47. The finest
grain size obtained at this stage is around 450 nm, as shown in Fig. 3-47, the SEM images of
the specimen using 800 rpm, 90 mm/min, and a tool with shoulder diameter, pin tool

diameter and length of 10, 3 and 3 mm, respectively.

3.3.2 The combination of composite and liquid nitrogen cooling methods

Since the cooling facility plays an important role for accelerating cooling/conduction
rate which can result in finer grains, the combination of Mg/ZrO, composites and liquid
nitrogen cooling facility are performed. The 2G4P Mg/monoclinic phase ZrO, composite is
chosen because of finer grain sizes than other Mg-based composites. After the fabrication of
2G4P Mg/ZrO, composite, the subsequent FSP pass with liquid nitrogen cooling facility is
performed. A smaller tool with shoulder diameter, pin tool diameter and length of 10, 3, and 3
mm, respectively, was used to perform the subsequent liquid nitrogen cooling pass. The pin

rotation rate and advancing speed for the sequent pass was 800 rpm and 90 mm/min,
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respectively.

Fig. 3-48 shows the resulting microstructure in the nugget zone for the Mg/ZrO,
composite with subsequent cooling pass. The grain sizes can be further refined into
submicro-scale and the average grain size is about 350~450 nm which is less than the finest
grain size of all previous alloys and composites. The measured hardness value also increases
to about 135 H, which is also higher than all other composites in the present study, as shown
in Fig. 3-49. Therefore, the improvement of cooling rate sure plays an important for

producing finer grains during FSP.

Fig. 3-50 shows the TEM observations of the microstructure for the Mg/ZrO, composite
with subsequent cooling pass. It can be seen that grain boundaries were pinned by the
reinforced ZrO, particles in some small grains. There are also some nano-grains in the
specimen. In addition, the corresponding selected area diffraction (SAD) pattern also exhibits

diffraction rings indicating many small grains having random misorientations.

3.3.3 Brief conclusions

Based on above experiments, it can be concluded that using a smaller tool and a thinner
plate as well as applying an efficient cooling system can produce finer FSPed microstructure.
So far the recrystallized grain size of AZ31 Mg alloy after FSP is just around ~400 nm. The
average hardness value can reach to around ~100 H, for pure AZ31 alloy and ~135 H, for
Mg/ZrO, composite with the second cooling pass. However, the desire for much finer Mg
grains by using the present cooling approach is difficult to achieve. Therefore, the need for
another cooling design is emerged. The new designed cooling system has been applied as

described below.
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3.4 Ultrafine grained AZ31 Mg alloy made by FSP with new designed cooling system

Based on our previous experience, it is concluded that the primary heat releasing during
FSP is made from the bottom of the pin to the back plate beneath the sample. In order to
transfer the heat generated between the tool and sample during FSP as quickly as possible, a
thin copper mould and liquid nitrogen are used. Two tunnels are machined beneath the
surface of the copper mould, and the liquid nitrogen can be immerged and flow through. The
detail of the newly designed cooling system is shown in Fig. 2-7. A constant tool rotation rate
of 1200 rpm was adopted and the advancing speed was 28-33 mm/min. The thin plate used in
present study is 4 mm in thickness. The tool with shoulder diameter, pin tool diameter and
length of 10, 3 and 3 mm, respectively, are used here. In order to obtain rapid heat sinking

during FSP, the newly efficient cooling system is carried out in the present stage.

3.4.1 Microstructure of ultrafine grained AZ31 alloy made by FSP

Figure 3-51 shows the macrograph of cross section containing the entire nugget zone for
the single pass FSPed AZ31 alloy at the rotation rate of 1200 rpm and advancing velocity of
28 mm/min. The degree of refinement and the extent of homogeneity of the final FSP
microstructure are the two aspects that are most noticeable. In Fig. 3-52, the grain structures
in the AZ31 billets after one-pass FSP with the rotation rate of 1200 rpm and the advancing
velocity of 28 mm/min, viewed at a low magnification, show a well-defined equaixed and
highly homogeneous nature. Figures 3-53 and 3-54 show the microstructures with the
advancing velocity of 28 and 33 mm/min at higher magnifications, respectively. All of these

figures show that the recrystallized fine grains are distributed homogenously in the nugget
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region. Compared with other SPD processes such as extrusion, accumulated roll bonding
(ARB) or ECAP [45,47,52], the ultrafine grained (UFG) microstructure obtained in the
present study has clearer grain boundaries and more uniform ultra-fine grain sizes without
abnormal local grain growth. Such fine grains appear to be fully recrystallized and do not
belong to subgrain structures with the “diffused” boundary nature. Figure 3-55 shows the
grain size distribution of the 33 mm/min specimen, which is summarized from numerous
SEM micrographs. It shows that the grains are mostly scattered from less than 100 nm to 500
nm, and more than 80% of the grains are refined within 300 nm. The average grain size is
typically around 200-280 nm. The mean grain size of the obtained specimens can be refined
to an ultrafine scale (100-300 nm) which is much finer than other SPD results and is also the
finest microstructure obtained by FSP in pure AZ31 alloys to date. The dominated factors for
the formation of ultrafine grain in the AZ31 Mg alloy by friction stir processing will be

discussed in Chapter 4.

3.4.2 Hardness measurement

The ultra-fine grains lead to pronounced hardening, as demonstrated by the
microhardness tests. The typical microhardness reading, Hy, in the UFG zone of the FSP
specimens are depicted in Fig. 3-56. The highest H, reaches 128, and the mean hardness
values are scattered around 120 H,, which is even higher than those observed in most FSP
AZ31 based composites [164-166]. In the AZ31 matrix away from the nugget, H, remains to
be around 50, indicating that the ultrafine grain structure in the FSP nugget has strengthened
the alloy by 2.4 times. Since there is no twin observed in such fine grains, the hardening is

postulated to be a result of the UFG microstructure plus the retained matrix dislocations.

3.4.3 Brief conclusions
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With proper control of the working temperature history, an ultrafine and uniform grained
structure can be achieved. The grain boundaries are well defined and the mean grain size can
be refined to 100~300 nm from the initial 75 wm by one single FSP pass. The ultrafine
grained structure can drastically increases the microhardness from the initial 50 up to 120 H,,

or an increment factor of 2.4 times.

3.5 Nanocrystalline AZ31 Mg alloy made by new designed cooling system and

subsequent second pass with lower heat input

In order to achieve further refined grain sizes in Mg AZ31 alloy by FSP, a concept of
subsequent second pass with lower heat input parameters is newly proposed. Although the
ultrafine grain size around 100~300 nm can be achieved through newly designed cooling
system, the resulting recrystallized grains are still larger than 100 nm. Conducting the second
pass with lower heat inputting parameters provides the possibilites for further grain refining

to nano-scales. The thin plate with 4 mm in thickness is also used in the present study.

There are two ways applied here for the second pass to lower the heat input. One is to
change the parameter with slower rotation speed, another is to use a smaller tool. In Fig. 3-57,
the SEM/SEI images of the grain structures in the AZ31 alloy after two passes FSP with the
same advancing speed of 37 mm/min but the rotation rate of 1200 rpm for the first pass and
800 rpm at the second pass. The tool with shoulder diameter, pin tool diameter and length of
10, 3 and 3 mm, respectively, are used in both two passes FSP here. These images all show
well-defined equaixed grains and homogeneous distribution microstructure. The grain size

distribution of this specimen is shown in Fig. 3-58 which is summarized from numerous SEM
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micrographs. The average grain size can be further refined to around 120~240 nm and there

are existing nano-grains. TEM images also confirm the existence of nano-grains, as shown in

Fig. 3-59.

In Fig. 3-60, the SEM/SEI images of the grain structures in the AZ31 alloys after two
passes FSP with the same rotation rate and advancing speed of 1000 rpm and 37 mm/min,
respectively. However, the pin tool conducted for the second pass is smaller than for the first
pass. The pin tool with 2 mm in diameter and 2 mm in length was used in the second pass.
The shoulder diameter was 6 mm in diameter. The well-defined equaixed grains and
homogeneous distribution microstructure are also shown in these images. The
UFG/nano-grain microstructure obtained in the present study all has clear grain boundaries
and more uniform ultrafine/nano-scale grain sizes without abnormal grain growth. Fig. 3-61
shows the grain size distribution of this specimen, which are summarized from numerous
SEM micrographs. The resulting microstructure exhibits equiaxed grains ranging from 40 nm
to 200 nm with an average grain size of less than 100 nm, clearly illustrating that a
nanocrystalline structure is produced in the two-pass FSP. The average grain size is typically
around 80-100 nm. The nano-grains also can be found under TEM observations. In Fig. 3-62,
TEM images also show the existence of the nano-grains. In addition, the corresponding
selected area diffraction (SAD) pattern, shown in Fig. 3-62(b), exhibits diffraction rings
indicating many small grains having random misorientations, with no obvious signs of
preferential orientations in the region of analysis. It is also the evidence of the large number
of nano grains. In Fig. 3-63, the extremely fine nano-grains can be seen under the TEM

observation.

The measured hardness values show that the highest H, reaches 155 which is equal to

triple of the AZ31 matrix and even higher than those observed in the FSP AZ31 based
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composites. The mean hardness values are scattered around 134 H,. In the AZ31 matrix away
from the nugget, H, remains to be around 50, indicating that the nano-grain structure in the
FSP nugget has strengthened the alloy by 2.7 times. Since there is no twin observed in such
fine grains, the hardening is postulated to be a result of the UFG microstructure plus the

retained matrix dislocations.

Finally, the ultrafine grain AZ31 Mg alloy/composite which possesses nano-grains, less
than 100 nm, and high hardness, triple of the base alloy, is achieved by friction stir processing.
The resulting grain size and hardness at the FSP nugget bottom of all processes are
summarized in Table 3-8. The nanostructure achieved here is extremely finer than other SPD
results and also the finest microstructure produced by FSP in pure solid solution AZ31 Mg

alloys to date.
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Chapter 4

Discussion

4.1 Strain rates and temperatures during FSP

The material flow during FSP was driven by the rotating pin. The flow rate may be
compatible to or lower than the rotation speed of the pin, since there would usually be a
certain level of rotation lagging effect. By a simple linear assumption so that the average
material flow rate, Ry, is about half of the pin rotational speed, R, the material flow strain

rate, £, during FSP may be derived by the torsion typed deformation as

()

where 7, and L. are the effective (or average) radius and depth of the dynamically
recrystallized zone. It is noted that all materials within the dynamically recrystallized zone
would undergo the plastic flow, and such a zone appears to be an onion-like in shape. An
effective radius, r., that can represent the average radius for all parts of the materials inside
this zone, is assumed to equal about 0.78 (or /4 [64]) of the observed zone boundary radius,
rp. Similar argument can also be applied to L. For a given R, of 800 rpm (or 13.3 rps, rotation
per second) with 7, ~3.5 mm and L, ~6 mm, then & can be calculated to be ~24 s, The
typical strain rates calculated for the current applied pin rotation speed from 180 to 1800 rpm

* 57, depending

are scattered within 5 to 50 s™', Fig. 4-1(a), or in the neighborhood of 10° - 10
on the actual zone size measured in each FSP specimen. This strain rate range is slightly
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higher than the processing strain rate previously adopted in our high-ratio extrusion

experiments [24,170,171] (both ~10% - 10" s™).

The temperatures measured during FSP varied from 250-450°C, depending on the FSP
rotation speed, as shown in Fig. 4-1(b). Typical recorded temperature profiles are shown in
Fig. 3-9. The temperature rise duration is about 150 s. Such temperatures are compatible to
those experienced during our previous hot extrusion research. And the resulting grain sizes

can also be compared.

4.2 Relationship between grain size and Zener-Holloman parameter of FSP Mg alloy

In calculating the temperature compensated strain rate parameter, or the
Zener-Hollomon Z parameter, Z = & exp(Q/RT), during dynamic recrystallization, the
activation energy Q for Mg lattice diffusion is about 135 kJ/mol [175]. The relationship
between the Zener-Hollomon parameter and the average recrystallized grain size (d, in pm)
for the AZ31 alloy during FSP is established, as shown in Fig. 4-2(a), and is given

quantitatively by

Ind=9.0-027InZ (6)

It should be noted that the ranges for d and Z in the current FSP study are still rather narrow,

thereby the uncertainty is higher. Our previous analyses on the same AZ31 Mg alloys during

warm extrusion or tensile loading [170,171] with wider ranges of d and Z have resulted in the

same relationship but with slightly different constants, as
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Ind=6.0-0.17In Z, (7)

as shown in Fig. 4-2(b). The current data on FSP still comfortably reside within the scattering
band. In combining all the experimental data on the grain size and Zener-Hollomon parameter,
it is found that the resulting grain sizes basically follow similar trends irrespective of the

deformation path for extrusion, tension, or FSP.

4.3 The hardening mechanism of Mg based nano-ZrO; and nano-SiO, particles

composites fabricated by friction stir processing

Predicting the overall mechanical properties of the composite is very important for
material designs and applications. There have been many attempts to correlate the overall
composite mechanical properties with the properties of the composite constitutes, for
example, the self-consistent variation methods [176], mean-field theories [177], shear-lag
theory [178], finite element method (FEM) [179] and the rule of mixtures (ROM) [180].
Among them, the simplest and intuitive method for estimating the effective mechanical
properties in terms of constitutes is the ROM. Although the FEM gives satisfactory results for
problems with the complex geometry and the nonlinearity of the materials properties, the
ROM as a simple and fast solution for the simplified model is also useful, in which, the Voigt
model based on the equal stain assumption and the Reuss model based on the equal stress

assumption have been widely used.

However, most of the models are derived for elastic properties. In addition, the
correlation between the effective hardness of the composite, which is the easiest mechanical

property obtained by simple testing, and the hardness values of its constituent phases are not
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well established. Therefore, there is still argument about the validity of the ROM for

composites with hard particles, especially for plastic properties.

Figure 4-3 shows a schematic diagram showing (a) the iso-stress (Reuss) model and (b)
the iso-strain (Voigt) model. The ROMs, such as the equal strain treatment which is an upper
bound, Eq. (8) below, and the equal stress treatment which is a lower bound, Eq. (9) below,

can be used for estimating the effective hardness H of the composite:
Hyp=fH,+fH,, (8)

Hiw=(f,/H,+ f./H)", )

where, H), and H; are the hardness values of the hard and soft phases, and f; and f; are the

volume fractions of the hard and soft phases, respectively. The subscripts up and low in H

represent the upper and the lower bounds of hardness, respectively.

More recently, the elastio-plastic finite element analysis (FEA) for the conventional unit
cell model of the uniaxial compression of the composites with homogeneously distributed
second particles has been carried out by Kim [181]. Combined with experimental results, the
validity of the ROM in composites with hard particles had been confirmed. The FEA results
fit better with the iso-strain model except for low volume fractions (<30%) of hard particles
where the FEA results fit closely the iso-stress curve. This can be explained by the fact that
the deformation of the soft matrix is larger than that of the hard particle. That is, as the
compression proceeds on a composite with a high volume fraction of the hard particles, the
distance between the particles is getting closer, the load is transferred to the adjacent particles
along the loading direction and the hard particles can be deformed. On the other hand, for a

low volume fraction of the hard particles, the deformation occurred mainly in the soft matrix
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with little deformation of the hard particles. Such inhomogeneous deformation with the main
deformation occurring in the soft matrix is much more apparent under the indentation of the
composite than under the uniaxial compression. Figure 4-4 shows a schematic drawing of the
load transfer direction in the indentation test. Because the loading direction is mainly normal
to the indenter surface, the stress state might be similar to the ‘iso-stress’ condition rather

than the ‘iso-strain’ condition.

The extreme case of this inhomogeneous deformation is the ‘wet sand effect’ [182],
which means that only the soft matrix surrounding the hard particles deforms. In this case, it
might be considered that the effective hardness of the particle reinforced composite is mainly
related to the hardness of the soft matrix. This situation can be analyzed by using the

following approximation of the ‘iso-stress’ case,

H :H11Hs/(ﬁ1Hs+>f;Hh)sz/j:v > (10)

low

where Hj, >> H; and f;<<f.

Equation (10) indicates that the effective hardness of the particle reinforced composite
can be approximated to that of the soft matrix only when the hardness of the hard particle is
much higher than that of the soft matrix (H;, >> H;) and the volume fraction of the particles is
much lower than that of the matrix (f;<<f;). Otherwise, this approximation, Eq. (10), is not

satisfied and should be modified.

In the present ZrO; and SiO, particle reinforced Mg-AZ31 composites fabricated by FSP,
it is hardly possible to prepare the same state of the matrix in the real samples, regardless of
the volume fraction of the same-sized particles. However, the hardness of the matrix without

any particle can be roughly deduced from previous hardness results (d, in jtm):
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-1/2
H,=40+72d,"". (11)

The comparison of the hardness of the AZ31 matrix deduced from Eq. (10) is given in Table
4-1. The hardness H, of the ZrO, and SiO; particles is ~900 and ~1000, respectively, much
higher than that of the AZ31 matrix after FSP (H,~76-90, depending on the refined grain size).
The maximal volume fraction of the particles is ~20%. Therefore, it is considered that the
approximation of Eq. (10) is satisfied for the present case. The prediction results, as shown in
Table 4-1, approximately match the experimental ones, especially in the case of lower
volume fractions. Our present results confirm that the effective hardness of the particle
reinforced composite can be approximated to that of the soft matrix when the hardness of the
hard particle is much higher than that of the soft matrix and the volume fraction of the

particles is much lower than that of the matrix.

As can be seen in Table 3-5, the average grain size of the FSP composites is smaller than
that of the un-reinforced FSP Mg-AZ31 alloy. The finer grain structure in the composites
could result from the SiO, or ZrO, particle addition. It is well recognized that the second
phase particles will influence the stress and strain distribution during plastic deformation, and
thus particles will strongly affect the dynamic recrystallization (DRX) process. Generally,
particles could be classified into two size groups according to their effects on RX. Particles
larger than 0.1-1 um will stimulate the RX process, while particles smaller than 0.1 um will

hinder DRX process [183].

As for the present composites, the behavior of the second phases might be much more
complex since their size and distribution will change during FSP. During the first FSP, the
particles will be dispersed inhomogeneously, some large size particle clusters will occur

unavoidably. However, the particles will be dispersed more and more homogeneously with
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increasing FSP passes, and the large size particle clusters will change into smaller ones
gradually (to an average size of 180-300 nm, as listed in Table 3-5). Simultaneously, stress
concentration around the second phases (particle clusters) will produce a large strain gradient
in the adjacent magnesium matrix because of the dislocation pile-up against the second
phases during the FSP deformation. Nucleation of dynamic recrystallization is stimulated in
these zones. While the nuclei grows, small second phases will hinder grain boundary
migration due to the Zener pinning. The second phase pinning on grain boundaries could be
observed clearly in Figs. 3-29, 3-30 and 3-50. In other words, the second phases play a
different role in DRX during FSP according to their changing size. At the beginning of FSP,
while the second phase is large, the strain energy in the matrix around it is high. These kinds
of places are preferential sites for nucleation of DRX. While the second phase changes into
small particles due to the mechanical breaking with increasing FSP passes, the new nuclei has
already been produced in the matrix. Then, the small particles act as obstacles for grain
growth. Therefore, relatively fine magnesium grains are generated in the present composites
during the multiple FSP passes. If the FSP heat input is lowered by lowering the pin rotation

and raising the advancing speed, the resulting grain size can be further lowered.

In this study, it is clear that the softest AZ31 Mg alloy can be hardened by the inclusion
of nano fillers through FSP, from H,~50 up to H,~105. If the harder AZ91 alloy is in use, H,
is expected to be raised from the original 65 to over 120, based on the prediction of H/f; in
Eq. (10). The hardened bulk section or surface layer would greatly improve the wear

resistance that is vital for practical applications.

4.4 Mechanisms for forming ultrafine grain in AZ31 Mg alloy made by FSP
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Some previous works have demonstrated that the inability in preparing UFG
microstructures in pure Mg or Mg alloys with low content of alloying elements by SPD, such
as ECAP [27]. This is reasonable from the physical point of view. Since the lattice and grain
boundary diffusion rates of Mg at the working temperatures, for example, 300°C, are
47 x 107" m*s and 2 x 102° § m’/s (where J is the grain boundary width), respectively
[175]; both are much higher than the values of 1.8 x 107" m%s and 1.1 x 107" 6 m*/s for Al
counterparts [175]. The achievement of ultrafine and uniform grain structures need to be
accomplished by the combination of a high degree of SPD and the sufficiently rapid heat
release. To make clear the mechanism for the formation of UFG, the relationship between
Zener-Hollomon parameter, Z, and the average recrystallized grain size, d in um, can be used
because the recrystallization process proceeds during the course of FSP. First, the strain rate

and working temperature of the nugget region experienced during FSP need to be determined.

The material flow strain rate, &, during FSP may be estimated by the torsion typed
deformation as shown in Eq. (5) where R, is the average material flow rate (assumed to be
about half of the pin rotational speed, namely 1200/2 rpm), 7. and L. are the effective (or
average) radius and depth of the dynamically recrystallized zone. An effective radius, 7., that
can represent the average radius for all parts of the materials inside this zone, is assumed to
equal about 0.78 (or m/4 [64]) of the observed zone boundary radius (1.7 mm in the current
case). Similar argument can also be applied to L, (~0.78x3 mm). Thus, & can be calculated
to be ~36 s . From the previous results, the relationship between Z and d in pum for the AZ31
alloy during FSP can be estimated as: /In d = 9.0 —0.27 In Z, where Z = éexp(Q/RT) and
Q 1is the activation energy for lattice diffusion (135 kJ/mol [175]) and RT has its usual

! the

meaning. In this case, with the average grain size ~0.3 um and the strain rate ~36 s
working temperature can be calculated to be ~200°C. Note that the heating history during

FSP in Mg alloys without rapid cooling design is typically a heating stage from RT to ~400°C
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over 30 s, followed by a cooling stage to RT over 100 s, as monitored by the inserted thermal
couples. In the present FSP case under effective rapid cooling, the heat generated during FSP
can be conducted away quickly, as reflected by the calculated low working temperature of

200°C.

Watanabe et al. [184] reported that the grain size after dynamic recrystallization, d..,
was dependent on the initial grain size, d;,;,. They proposed that initial grain size and the

Z-parameter of Mg alloys could be related by the following empirical equation (d, in pm):

d,

rec

/d,,)=10°xZ""? =10° x{¢xexp(Q/RT)} " . (12)

Using the initial grain size of 75 um and the estimated working temperature of 200°C, the
achievable grain size after dynamic recrystallization based on Eq. (12) will be about 250 nm,
consistent with the current experimental result. Here, precipitates that are often helpful to
stabilize the microstructure (the Zener pining) are not available because the Mg;7Al;»
precipitates in the AZ31 alloy dissolve into the matrix above 200°C [185]. Therefore, the low
working temperature in the current case is critical in achieving the UFG microstructure for
the AZ31 alloy. It is known that one-pass FSP can only produce ultrafine grained structures
along the weld line. In order to achieve a wider area with such microstructures, it is necessary
to proceed overlapped multiple FSP using robot control. Experimental trials in the laboratory
using multiple FSP passes under liquid N, cooling ensure the same fine grain structures. It is

meaningful to scale up the current processing route for possible engineering applications.

4.5 Capability for further grain refining with subsequent second pass with lower heat

inputs
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The material flow strain rate during FSP may be estimated by Eq. (5) where R, is
assumed to be about half of the pin rotational speed, namely 1000/2 rpm, and r, and L. are the
effective (or average) radius and depth of the dynamically recrystallized zone. An effective
radius, 7., that can represent the average radius for all parts of the materials inside this zone,
is assumed to equal about 0.78 (or w/4 [64]) of the observed zone boundary radius (1.17 mm
in the current case). Similar argument can also be applied to L, (~0.78x2 mm). Thus, & can
be calculated to be ~31 s™'. From the relationship between Z and d in um for the AZ31 alloy
during FSP: Ind = 9.0 —0.27 In Z, where Z = éexp(Q/RT). In this case, with an average
grain size of ~0.1 pm and a strain rate of ~31 s, the working temperature can also be
calculated to be ~150°C. In the present FSP case under effective rapid cooling and
combination of second pass with lower heat input, the heat generated during FSP can be less
and conducted away quickly, as reflected by the calculated even lower working temperature

of 150°C.

Because of either grain coarsening or grain refinement is occurring during deformation.
It appears that the change in grain size is dependent on the initial grain size and deformation
temperature. Hence, Takara et al. [186] recently proposed that the critical grain size, d,,; in
um, above which grain refinement would occur during deformation, could be given by the

following empirical equation for AZ31 alloy:

= 650277 = 650{&x exp(g)}*’-z, (13)

dcrit
RT

where Z is the Z parameter (= £Xxexp(Q/RT)), & 1is the strain rate, Q is the activation
energy for lattice diffusion (135 kJ/mol [175]) and RT has its usual meaning. By utilizing Eq.

(13), it is possible to consider the optimal initial grain size for the required process condition
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such formed shape, processing speed, and temperature. Using the strain rate 31 s and the
estimated working temperature of 150°C, the critical grain size for further grain refining
based on Eq. (13) will be about 150 nm, which is smaller than initial grain size (~0.3 pm) in
this case. Hence, in the present initial grain size, strain rate, and working temperature, the
grain refining process is capable of carrying on. However, lower heat input, rapid cooling
system and low working temperature play the key roles for obtaining nano-grains in the AZ31

alloy.

4.6 The mechanism of the nanocrystalline structure evolution for AZ31 Mg base alloy

during two-pass FSP

In the past decade, severe plastic deformation (SPD) approaches, such as equal channel
angular extrusion (ECAE) [51,52], accumulative roll bonding (ARB) [47] and high-pressure
torsion (HPT), have been applied to the grain refinement of Mg alloys on bulk materials.
Twinning and dynamic recrystallization (DRX) were found to be responsible for grain
refinement for most processes. But in most of these cases, the grain size of the final
refinement structure is in the micrometer or submicro-meter range. It is not clear what
dominates the grain refinement mechanism if grain size can be further divided into the
nanometer scale by SPD. So it is of interest from both the scientific and the practical points of
view to investigate the strain induced grain refinement mechanism in the Mg system by using
FSP, which, in Al alloy systems, has been proven to be able to produce a nanocrystalline

structure in the nugget regions [94].

Under the cooling system with liquid nitrogen, the generated heat from the input of

works can be conducted rapidly away by effective heat sink, therefore the effect of heat on
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the growth of the resulted microstructure can be decreased significantly as compared to air
cooling. In this study, the newly designed cooling system has demonstrated efficient cooling
and thus favors to the refinement of resulting microstructure during FSP. Furthermore, it is
interested to observe that FSP pass is an important parameter to determine the scale of the
resultant microstructure for the tested alloy. Figure 4-5 shows the TEM images of the
microstructure for the one-pass FSPed AZ31 alloy, which shows that the microstructure can
be only refined to submicron scale, with the mean grain size of 100~300 nm. Besides the
submicro-scale fine grains, some clear subgrains and dislocation walls can also be observed

in the resultant microstructure.

However, followed by subsequent second pass with a lower heat input, the two-pass
FSPed AZ31 alloy can produce a nano-scale microstructure (fine grains with an average size
of less than 100 nm). Figure 4-6 shows the typical microstructure observed in the two-pass
FSPed AZ31 alloy in the as processed condition, together with a select area diffraction (SAD)
pattern. The pattern exhibits rings, indicating that there were many small grains with random
misorientations in the selected regions. Figure 3-61 shows the grain size distribution of the
FSPed specimens, which is summarized from numerous SEM micrographs. The resulting
microstructure exhibits equiaxed grains ranging from 40 nm to 200 nm with an average grain
size of less than 100 nm, clearly illustrating that a nanocrystalline structure is produced in the

two-pass FSPed AZ31 alloy.

The foregoing observations demonstrate that for AZ31 alloy, during friction stir
processing, the severe plastic deformation in the processed region under the high strain rate
results in a progressive refinement of coarse grains into a nanometer regime. First, we
characterize the microstructure of the two-pass FSPed samples. Figs. 4-7(a), (b), and (c) show

that clear nanometer grains have formed within a highly deformed subgrain along the
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boundary or the triple-connected point of the recrystals. This clean nanometer grain implies
the elimination of strain even through there is still high strain in the surrounding area. The
only possible way to generate such clean nanometer grains within a highly deformed area is
DRX. Fig. 4-7(d) is another TEM micrograph taken from this region. The “clean” and

strain-free equiaxed grains can only be the result of recrystallization.

Dynamic recrystallization is generally acknowledged to happen within temperature
ranges from 0.5-0.6 to 0.9-0.98 T, [187,188]. For pure Mg, 0.5 Ty, corresponds to 193°C; the
DRX temperature for AZ31D, therefore, could be even lower than this temperature.
Moreover, Kaibyshev et al. [189] even claimed that DRX occurred at room temperature,
which corresponds to 0.3 Ty, in pure Mg when the strain is quite high. During the FSP process,
the rapid rotation of work pin generates severe plastic deformation and strain at the nugget
region. The high strain in the sample will decrease the DRX temperature. As mentioned
above, the Mg alloy has a low melting point and therefore a low recrystallization temperature.
The heavy plastic deformation at high strain rates during the FSP also leads to the generation
of heat. The combination of heat and heavy plastic deformation leads to the occurrence of

DRX for recrystallized grains.

Generally, there are two types of dynamic recrystallization (DRX) discussed in the
literature: (i) continuous DRX and (ii) discontinuous DRX. During continuous DRX, new
grains develop via a gradual increase in misorientation between subgrains. In contrast, during
discontinuous DRX, new grains exhibiting large-angle boundaries evolve; for example,
dynamic nucleation followed by grain growth from migration of high-angle boundaries. It is
worth mentioning that the development of nanostructures with high-angle grain boundaries
via continuous DRX during severe plastic deformation (SPD) process, which result in

qualitative changes in properties, is a rather difficult task. For example, equal channel angular

88



pressing (ECAP), which currently offers maximum potential for scaling, can reduce the grain
size to 0.5-1.0 um in aluminum alloys, but requires a strain of >4.0 [190,191].Generally it
takes >8 ECAP passes to achieve very-fine grains exhibiting high grain-boundary
misorientations [192]. In the past decade, severe plastic deformation (SPD) approaches have
also been applied to the grain refinement of Mg alloys on bulk materials. But in most of these
cases, the grain size of the final refinement structure is in the micrometer or submicro-meter

range.

But, how the nanocrystalline structure is achieved for the two-pass FSPed AZ31 alloy?
Based on the published papers, the assumption of the occurrence of discontinuous DRX is
reasonable for the current study. The difference between FSP and the previously reported
severe plastic processes, may lie in the strain rate. Wang et al. [193] have reported that strain
rate plays an important role in refining grains into the nanometer region during the SPD
processes. The strain rates of ECAP and HPT are too low to induce enough twinning activity
and to form nanometer grains. However, in FSP, the strain rate is estimated to be about 10° -
10% 5. It is believed that a complex stress state and strain components with very-large strain
gradients will be induced by the high strain rate. Furthermore, large amounts of dislocations
are also introduced to accommodate the strain incompatibility. The complex stress state,
complicated strain patterns and dislocation configurations, and high density of geometrically
necessary dislocations provide the necessary conditions for the occurrence of discontinuous

DRX process, which is beneficial in allowing copious nucleation.

However, a notable feature of this study is that dislocation walls and subgrains can be
observed in the one-pass FSPed samples, as shown in Fig. 4-5. This suggests that the
continuous DRX plays a dominant role in the evolution of microstructure. As what we have

known, nuclei form preferentially in regions where the local degree of deformation is highest,
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such as grain boundaries, deformation bands, inclusions, twin intersections and free surfaces.
Due to the paucity of the “site” for nucleation originating from the coarse microstructure of
first-pass FSPed samples, more dislocation walls even subboundaries form to accommodate
the high strain incompatibility. Therefore, continuous DRX may be dominant process for the
first-pass FSPed samples. Due to the rapid cooling, these microstructual features can be
remained in the first-pass FSPed samples. Then during second-pass FSP, the remained
high-density dislocation walls and submicro-scale subgrains as well as recrystallzed grains all
can become the “site” for the nucleation of recrystals. Then under the high strain rate of FSP,
the discontinuous DRX may be dominant, which results in the formation of copious nuclei. It
should be mentioned that discontinuous DRX process can significantly refine the grains, but
the newly formed grains will be subject to growth process which is controlled by volume
diffusion under the condition of severe plastic deformation. Then the working temperatures
are crucial for the refinement of the resulted microstructure of the FSPed AZ31 alloy.
However, in this current study, under the cooling system with liquid nitrogen, the generated
heat from the input of works can be conducted rapidly away by effective heat sink, therefore,
the working temperature is decreased significantly. Thus, nanocrystalline microstructure can

be remained.

On the basis of microstructure observation, the evolution of the nanostructure can be
described as follows: (i) In the first-pass stage of FSP, submicro-sale grains are introduced in
the processed sheet via continuous dynamic recrystallization (ii) In the second-pass stage of
FSP, copious nuclei form via discontinuous dynamic recrystallization (DDRX) due to the
existence of submicro-sale grains, subgrains and a high density of dislocation walls (iii) The
growth of the recrystallized grians is limited due to the effective heat sink from the liquid
nitrogen cooling system. This fundamental understanding of the nanocrystalline evolution

makes it possible to control the final microstructure, including grain size, grain-boundary
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structure, and dislocation density, by changing the processing parameters and cooling rate.

Based on the above discussions, the process and mechanism of nanocrystallization of
AZ31 alloy during the FSP with subsequent second pass can be proposed. Fig. 4-8 is a
schematic diagram showing the process. A two type recrystallization mechanism is proposed.
During the first pass, the continuous recrystallization is preferable, in which a lot of
dislocation walls and subgrains as well as recrystals is remained. During the second-pass FSP,
discontinuous DRX process is chosen due to the combining effects from low heat input, high

total strain, high strain rate and copious sites for nucleation.
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Chapter 5

Conclusions

There have been numerous efforts in processing metallic alloys into fine-grained
materials. The current study applied the simple and feasible one single pass or subsequent
second pass FSP on the commercial AZ31 magnesium billet to result in ultrafine grained
microstructures. Numerous approaches were tried using FSP in order to achieve ultrafine
nano-scale grain sizes with higher hardness in the AZ31 magnesium alloys. After
systematical and numerous experiments are conducted and analyzed, the results can be

concluded as follows:

(1) The resulting microstructure after FSP is mainly affected by processing parameters.
Besides, the cooling condition is also a very important factor. After systemical
examinations, the relationship between the resulting grain size and the applied working
strain rate and temperature for the friction stir processing in the AZ31 Mg alloy is
concluded. To rationalize the relationship, the Zener-Holloman parameter is utilized, and
it was found that the relationship of /n d = 9.0 —0.27 In Z is followed. The temperature
rise during FSP is traced, and the maximum temperature can reach 250-450°C,
depending on the FSP pin rotation speed. The temperature duration also depends on
advancing speed. X-ray diffraction results show that, in the FSP dynamically
recrystallized zone, the (0002) basal plane tends to lie on the transverse plane at lower
pin rotation speeds, and approaches to nearly random orientation at higher rotation

speeds.
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3)

(4)

As for in-situ formed intermetallic compounds reinforced Mg-Al-Zn alloys, friction stir
process was used to fabricate bulk multi-element Mg base alloys with different fractions
of AZ31 sheets, Al and Zn foils. Multi-passes and high fractions of Al and Zn elements
results in apparent grain refinement, proved by the broadening of diffraction peaks and
from SEM results. After multi-passes, some intermetallic compound phases were
generated. Some intermetallic compounds are quasi-crystals with icosahedral point
group symmetry. The average hardness of the multi-element Mg base alloy made by FSP
reached nearly 350 in Hy scale, especially in the MgsoAlsZnas or Mgs7.5sAlsZn37 s system,
due to the generation of intermetallic compounds and grain refinement. With increasing
FSP operation to 10 passes, the microstructure and hardness in the stirred zone become

much more refined and uniform.

As for Mg based composites reinforced by extrinsic reinforcements, friction stir
processing successfully fabricated bulk Mg-AZ31 based composites with 10~20 vol% of
nano-ZrO, particles and 5~10 vol% of nano-SiO, particles. The distribution of
nano-particles after four FSP passes resulted in satisfactorily uniform distribution. The
average grain size of the AZ31 matrix of the 4P FSP composites could be effectively
refined to 2~4 um, as compared with the ~6 um in the FSP AZ31 alloy (without
particles) processed under the same FSP condition. The crystalline ZrO, phase is very

stable, no reaction between the ZrO, and Mg phases occurred during the FSP mixing.

The hardness properties at room temperature of the AZ31 composites with nano-fillers
were improved (up to H,~105), as compared with the AZ31 cast billet (H,~50). The
hardened bulk section or surface layer would greatly improve the wear resistance that is
vital for practical applications. The effective hardness of the present particle reinforced

composites can be approximately predicted by the iso-stress model when the hardness of
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(6)

the hard particle is much higher than that of the soft matrix and the volume fraction of

the particles is much lower than that of the matrix.

The ultrafine grain size in solid solution hardened AZ31 Mg alloy is successfully
achieved by one-pass FSP coupled with rapid heat sink. With proper control of the
working temperature history, an ultrafine and uniform grained structure processed by
FSP can be achieved. The grain boundaries are well defined and the mean grain size can
be refined to 100~300 nm from the initial 75 um by one single FSP pass. The ultrafine
grained structure can drastically increases the microhardness from the initial 50 up to
120 Hy, or an increment factor of 2.4 times. The low working temperature is critical in
achieving UFG AZ31 alloy. The estimated high strain rate and low working temperature
during FSP with rapid heat sink also agree self-consistently with the achieved ultrafine

grains.

The finest grain size ever found in solid solution hardened AZ31 Mg alloy can be
achieved by two passes FSP coupled with rapid heat sink. However, the subsequent
second pass has lower heat input than first pass. The resulting microstructure exhibits
equiaxed grains ranging from 40 nm to 200 nm with an average grain size of less than
100 nm, clearly illustrating that a nanocrystalline structure can be achieved by described
two-pass FSP. The nanocrystalline grains can be shown in the TEM observations and the
diffraction rings also can be seen in SAD patterns. The highest hardness point can reach
~150 Hy, which is equal to triple of the AZ31 matrix, and the mean hardness increase up
to around 134 H, from initial 50 H,. The process and mechanism of nanocrystallization
of AZ31 alloy during the FSP with subsequent second pass is proposed as a two-type

recrystallization mechanism.
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Table 1-1

Comparison among Mg alloy, Al alloy, Ti alloy, steel and plastics.

. Cast | Wrought Cast | Wrought . Plastics
Material Steel Ti
Mg Mg Al Al (PC/ABS)
Dow
Alloy/ AZ31 Galva- .
AZ91 } A356-T6| 6061-T6 | Ti-3Al Pulse
Grade -H24 nized
2000
Process/ ] ] ] Injection
Die cast | Sheet Sheet | Die cast |Extrusion ]
Product molding
Density
3 1.81 1.77 7.80 2.76 2.70 4.2 1.13
(g/cm’)
Elastic
Modulus 45 45 210 72 70 140 2.3
(GPa)
Yield
Strength 160 220 200 186 275 925 53
(MPa)
Ultimate
Tensile
240 290 320 262 310 1000 55
Strength
(MPa)
. 5 atyield
Elongation
3 15 40 5 12 16 and 125 at
(%)
break
Melting 143
Temp. 598 630 1515 615 652 1600 | (softening
(°C) temp.)
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Table 1-2 The standard four-part ASTM designation system of alloy and temper for the

magnesium alloy [13].

First part Second part Third part Fourth part
Indicates the two Indicates the amount | Distinguishes between | Indicates condition
principal alloying of the two principal different alloys with (temper)
Statement | element elements the same percentage
of the two principal
alloying elements
Consists of two Consists of two Consists of a letter of | Consists of a letter
code letters numbers the alphabet assigned | followed by a number
representing the corresponding to in order as ( separated from the
two main alloying | rounded-off compositions become | third part of the
elements arranged | percentage of the two | standard designation by a
Method | in order of main alloying hyphen
decreasing elements and arranged
percentage (or in same designation in
alphabetically if first part
percentage are
equal)
A- Al Whole numbers Letters of alphabet F- as fabricated
E- rare earth except [ and O O- annealed
H-Th H10 and H11-strain
K- Zr hardened
M- Mn H23, H24 and H26-
Q-Ag strain hardened and
S- Si partially annealed
Example .
T-Sn T4- solution heat
W-Y treated
Z-7Zn T5- artificially aged

only
T6- solution heat
treated and artificially

aged
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Table 1-3  The effect of separate solute addition on the mechanical properties [ 14].

Alloying  Melting and casting behavior

Mechanical and technological

Corrosion behavior I/M

element properties produced
Ag Improves elevated temperature tensile ~ Detrimental influence on corrosion
and creep properties in the presence of  behavior
rare earths
Al Improves castability, tendency to Solid solution hardener, precipitation Minor influence
microporosity hardening at low temperature (<
120°C)
Be Significantly reduces oxidation of
melt surface at very low concentration
(<30 ppm), leads to coarse grains
Ca Effective grain refining effect, slight Improve creep properties Detrimental influence on corrosion
suppression of oxidation of the molten behavior
metal
Cu System with easily forming metallic Detrimental influence on corrosion
glasses, improves castability behavior, limitation necessary
Fe Magnesium hardly reacts with mild Detrimental influence on corrosion
steel crucibles behavior, limitation necessary
Li Increases evaporation and burning Solid solution and precipitation Decreases corrosion properties
behavior, melting only in protected hardening at ambient temperatures, strongly, coating to protect from
and sealed furnaces reduce density, enhances ductility humidity is necessary
Mn Control of Fe content by precipitating  Increases creep resistivity Improves corrosion properties due to
Fe-Mn compound, refinement of iron control effect
precipitates
Ni System with easily forming metallic Detrimental influence on corrosion
glasses behavior, limitation necessary
Rare Improve castability, reduce Solid solution and precipitation Improve corrosion behavior
microporosity hardening at ambient and elevated
earth temperatures; improve elevated
temperature tensile and creep
properties
Si Decreases castability, forms stable Improve creep properties Detrimental influence
silicide compounds with many other
alloying elements, compatible with
Al, Zn and Ag, weak grain refiner
Th Suppresses microporosity Improves elevated temperature tensile
and creep properties, improves
ductilities, most efficient alloying
element
Y Grain refining effect Improves elevated temperature tensile ~ Improves corrosion behavior
and creep properties
7n Increases Fluidity of the melt, weak Precipitation hardening, improves Minor influence, sufficient Zn content
grain refiner, tendency to strength at ambient temperatures, compensates for the detrimental effect
microporostiy tendency to brittleness and hot of Cu
shortness unless Zn refined
7r Most effective grain refiner, Improves ambient temperature tensile

incompatible with Si, Al and Mn,
removes Fe, Al, and Si from the melt

properties slightly
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Table 1-4 Mechanical properties of magnesium matrix composites by various processing means.

Magnesium matrix ) D d E G2 UTS Hardness FElongation
. Processing Reference
composites (um) (um) (GPa) (MPa) (MPa) (HV) (%)
Pure Mg; 30 vol% SiC casting + extruded 20 40 59 229 258 57 2 [66]
Pure Mg; 4.3 vol% SiC casting -- 25 45 112 191 -- 0.057 [68]

ZK51A; 15 vol% SiC,, (whiskers
with diameter of 0.3~1 um and squeeze casting -- -- 58 305 325 -- 1.2 [69]
lengths of 15~50 wm)

AZ91; Al;3sB4O33(whiskers with ) )
squeeze casting + 250°C annealing
diameter of 0.5~1 pm and lengths -- -- 71 270 368 -- 0.96 [70]

100 hours
of 10~30 pum)

AZ91; 20 vol% SiC with Al(PO;);

binder (whiskers with diameter of

squeeze casting -- -- 85 220 355 175 1.38 [71]

0.1~1 um and lengths of 30~100

um,)
AZ91; 20 vol% SiC without
Al(PO;); binder (whiskers with

squeeze casting -- -- 77 202 314 174 1.29 [71]

diameter of 0.1~1 um and lengths

of 30~100 pum,)

Pure Mg; 30 vol% Y,04 casting - 0.33 -- 268 363 - 15 [72]
Pure Mg; 30 vol% Y,0; casting + extruded 0.88 0.33 65 344 455 -- 0 [72]
AZ91; 10 vol% TiC semi-solid slurry stirring -- 5 -- - 214 83 4 [72]
AZ91; 5 wt% SiC ultrasonic -- 0.03 -- -- -- 135 -- [75]

**D: grain size, d: particle size
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Table 1-4 Mechanical properties of magnesium matrix composites by various processing means.

Magnesium matrix ) D d E Co2 UTS Elongation
. Processing Hardness Reference
composites (um) (um) (GPa) (MPa) (MPa) (%)

AZ91; 10 vol% SiC PM + extrusion 17.2 8 58 271 360 -- 3 [76]
AZ91; 10 vol% SiC PM + extrusion 24 30 58 243 350 -- 3 [76]
AZ91; 10 vol% SiC PM + extrusion 28.2 50 58 236 350 -- 2 [76]
Pure Mg; 10 vol % TiB, PM -- 10 -- -- -- 45 HB -- [77]
Pure Mg; 20 vol % TiB, PM -- 10 -- -- -- 66 HB - [77]
Pure Mg; 30 vol % TiB, PM -- 10 - -- - 90 HB - [77]
Pure Mg; 10 vol % B4C ball milling + PM -- 6 -- -- -- 44 HB -- [78]
Pure Mg; 20 vol % B,C ball milling + PM 6 - -- -- 133 HB - [78]
Pure Mg; 0.5 wtl% ALOs PM 61 0.05 42.5 169 232 44 HV 6.5 [79]
Pure Mg; 2.5 wt% Al,O3 PM 31 0.05 44.5 194 250 70 HV 6.9 [79]

**D: grain size, d: particle size
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Table 1-5 Microstructure-mechanical property and fracture correlations for metal matrix

composites [81].

Microstructure condition

Mechanical property response

Addition of reinforcement

Increase in strength, modulus, fatigue life, creep properties, abrasion
resistance, impact strength, high temperature strength, decrease in

ductility (elongation to failure), and fracture toughness

Reinforcement type

In general, fibrous reinforcements give higher mechanical properties
than particulate at equal volume fraction. Particulate reinforcement,

however, gives higher elongation to failure and fracture toughness.

Reinforcement orientation

Fibrous reinforcement aligned along test axis gives approximately 25%
higher strength than particulate or transverse fibrous reinforcement.
Fatigue and creep properties are improved in aligned fibrous composites.
Ductility and fracture toughness is generally lower in the aligned

material.

Reinforcement distribution

Banding and or clustering enhances crack initiation and growth, and

hence lowers strength, ductility, and toughness.

Particle size

Mp effect on modulus; strength properties decrease with particle size

increase

Aspect ratio

Influence modulus, strength, fracture toughness, ductility and fracture

mechanism

Interface condition

Strong bonding increases modulus and strength but decreases ductility.
Can be embrittled as a of excessive result of excessive precipitation

and/or diffusion of alloying ingredients or impurities to interface

Matrix phases

Normal precipitate phases increase yield and ultimate strength. Impurity
particles and preferential precipitation decrease strength, fracture

toughness, fatigue, creep, and ductility

Heat treatment

Heat treatment increases mechanical properties; however, overaging
minimizes the benefits. Precipitation kinetics can be altered by the
addition of reinforcement; hence time and temperature for peak aging

may differ

Secondary processing

Secondary processing affects microstructure and hence mechanical
properties. Extrusion aligns fibrous reinforcements but induces banding
or reinforcements-free areas. Rolling homogenizes microstructure,
giving higher properties, but can damage matrix-reinforcement bonds

and lead to overaging. Material must be heat-treated to regain properties.

® These comments assume well-bonded reinforcements.
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Table 1-6 The key benefits of friction stir welding [88].

Key benefits of friction stir welding

Metallurgical benefits

Environmental benefits

Energy benefits

Solid phase process

Low distortion of
workpieces

Good dimensional
stability and repeatability
No loss of alloying
elements

Excellent metallurgical
properties in the joint area
Fine microstructure
Absence of cracking
Replace multiple parts

joined by fasteners

No shielding gas required
No surface cleaning
required

Eliminate grinding wastes

Eliminate solvents
required for degreasing
Consumable materials
saving, such as rugs, wire

or any other gases

Improved materials use
(e.g., joining different
thickness) allows

reduction in weight

Only 2.5% of the energy
needed for a laser weld
Decreased fuel
consumption in light
weight aircraft,
automotive and ship

applications
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Table 1-7 A summary of grain size in nugget zone of FSP aluminum alloys

Plate Advancing
Tool Rotation Grain
Material thickness speed Ref.
geometry  rate (rpm) size
(mm) (mm/min)

7075A1-T6 6.35 - - 127 2-4 [131]

6061AI-T6 6.3 Cylindrical ~ 300-1000 90-150 10 [120]

Al-Li-Cu 7.6 - - - 9 [95]
Threaded,

7075A1-T651 6.35 350, 400 102, 152 3.8,7.5 [89]
cylindrical

6063A1-T4, T5 4 - 360 800-2450  5.9-17.8  [93]

6013Al1-T4, T6 4 - 1400 400-450 10-15  [132]

1100A1 6 Cylindrical 400 60 4 [133]

5054Al 6 - - - 6 [134]

1080A1-O 4 - - - 20 [126]

5083AI1-0 6 - - - 4 [126]
Threaded,

2017A1-T6 3 1250 60 9-10 [135]
cylindrical

2095Al 1.6 - 1000 126-252 1.6 [136]

Al-Cu—-Mg-Ag-T6 4 - 850 75 5 [137]

2024A1-T351 6 - - 80 2-3 [138]

7010A1-T7651 6.35 - 180, 450 95 1.7,6  [139]

7050A1-T651 6.35 - 350 15 1-4 [96]
Threaded,

Al-4Mg—1Zr 10 350 102 1.5 [140]

cylindrical
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Threaded,

2024Al 6.35 200-300 254 1-3.9 [141]
cylindrical

7475A1 6.35 - - - 2.2 [142]
Threaded,

5083Al 6.35 400 25.4 6 [143]
cylindrical

2519A1-T87 25.4 - 275 101.6 2-12 [144]
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Table 1-8 A summary of ultrafine-grained microstructures produced via FSP in aluminum

alloys
Plate Rotation Advancing Grain
Tool Special
Material thickness rate speed size Ref.
geometry cooling
(mm) (rpm)  (mm/min)  (Um)
Threaded, Liquid
2024A1-T4 6.5 650 60 0.5-0.8 [121]
cylindrical  nitrogen
Conical
pin
1050A1 5.0 N/A 560 155 0.5 [129]
without
thread
Water,
7075Al1 2 N/R methanol, 1000 120 0.1 [94]
dry ice
Cast Threaded,
6.7 N/A 400 25.4 0.68  [145]
Al-Zn-Mg-Sc cylindrical
Threaded,
1100A1 1.5 N/A 500 720 0.8 [146]
cylindrical

Threaded, Submerged
6061A1-T6 3.2 1000 76 0.2 [147]

cylindrical  in water
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Table 1-9 A summary of grain size in nugget zone of FSP magnesium alloys

Plate Advancing  Grain
Tool Rotation
Material thickness speed size Ref.
geometry  rate (rpm)
(mm) (mm/min) (Um)
Threaded,
AZ61 6.3 1220 90 14 [91]

cylindrical
Threaded,

AZ31B-H24 3.1 1500-2800 120 3.1-8.4 [149]
cylindrical
Adjustable

AZ31B-H24 4.95 500-1000 60-180 8.5-10.2 [150]

pin tool

Threaded,

AZ31B 6.4 800, 1000 60 25 [151]
cylindrical
Threaded,

Mg-Al-Ca-RE-Mn 2 1500 1500 0.8-1 [152]
cylindrical
Threaded,

AM60B 2.5 700 90 2.5 [153]
cylindrical

AZ31-H24 4 - 1200-1600  100-200 13 [154]
AZ31B Threaded,

2 500 720 2.9 [155]

cylindrical
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Table 2-1 Chemical composition of the AZ31 (in wt%)

Mg Al Zn Mn Si Fe Cu Ni

AZ31B Bal. 3.02 1.01 0.3 0.0067 0.0028 0.0031 0.0001

Table 2-2 The dimensions of the tools

Tool diameter Shoulder Pin size
(mm) diameter Diameter Length Pitch distance
(mm) (mm) (mm) (mm)
20 18 6 6 1
16 16 6 6 1
10 10 3 3 0.8
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Table 3-1 The recrystallized grain size of the modified AZ31 Mg alloy made by FSP

(a) Using the different rotational speeds under the same advancing speed of 90 mm/min

AZ31
billet 600 rpm 800 rpm 1000 rpm 1200 rpm 1400 rpm 1800 rpm
ille
Average
grain size 75 2.9 3.1 3.6 3.7 3.7 7.7
(Lm)

(b) Using the different advancing speeds under the same rotational speed of 800 rpm

AZ31 45 90 200 400 800
billet mm/min mm/min mm/min mm/min mm/min
Average
grain size 75 5 3.1 2.6 23 2

(Lm)
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Table 3-2 Summary of the measured temperature during FSP

AZ31 alloy Max. temperature
600 rpm, 90 mm/min 365°C
800 rpm, 90 mm/min 385°C
800 rpm, 200 mm/min 379°C
800 rpm, 400 mm/min 318°C
1000 rpm, 90 mm/min 413 °C
1400 rpm, 90 mm/min 422°C
1800 rpm, 90 mm/min 417 °C

Table 3-3 Summary of the H, hardness in the 1P FSP processed AZ31 alloys

AZ31 alloy Average H,
As-received ~50
600 rpm, 90 mm/min 76
800 rpm, 90 mm/min 75.9
1000 rpm, 90 mm/min 75
1400 rpm, 90 mm/min 68.7

1800 rpm, 90 mm/min 58.6

119



Table 3-4 Summary of the H, hardness in the FSP processed intermetallic alloys after

multi-passes under different cooling methods. The melt spun alloy is also included for

comparison
Alloy system Cooling FSP passes Average H,
AZ31 Air cooling 3 60+2
MgsgoAljgZng Air cooling 3 133+ 7
Mg7AlsZn;s Melt spinning, cooling rate -- 265+10
10° K/s
Mg70AlsZnys Air cooling 3 164+9
Mg;0AlisZn;s Air cooling 3 187 £ 23
MggoAlypZnyg Air cooling 3 216+ 16
MggoAljoZny Liquid N; cooling 3 -
MgAljsZn;s Liquid N; cooling 3 216 £ 23
MgeoAlrpZnyg Liquid N; cooling 3 244 + 7
MggoAlisZn;s Air cooling 3 227+ 10
MgsoAlsZnys Air cooling 3 306 +£43
MgsoAlypZnszg Air cooling 3 240 £ 18
Mg375Aly5Zn37 5 Air cooling 3 340 + 47
Mgs75AlysZn37 5 Water cooling 3 341 £25
Mgs75AlysZn37 5 Water cooling 10 316 £8
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Table 3-5 Summary of the average cluster size of nano-particles and the average grain size

of AZ31 matrix in the 4 passes FSP composites

AZ31 AZ31/ZrO, AZ31/ZrO, AZ31/Si0, AZ31/Si0;

Materials
after 4P (~10%) (~20%) (~5%) (~10%)
Average grain ~6 ~3 ~2 ~4 ~3
size (ULm)
Particle cluster ~200 ~ 180 ~ 300 ~ 260

size (nm)

Table 3-6 Comparison of the mechanical properties of AZ31 alloy and AZ31-based

composites
Materials Hardness, H, YS, MPa UTS, MPa El %
AZ31 billet 50 100 160 ~9
AZ31 after 4P FSP 69 120 204 ~ 18
~10 vol% ZrO, (1G4P) 98 143 232 ~6
~20 vol% ZrO, (2G4P) 105 167 255 ~6
~5 vol% SiO, (1G4P) 78 - - -

~10 vol% SiO, (2G4P) 87 128 258 ~6

YS: yield strength; UTS: ultimate tensile strength; E/: elongation.
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Table 3-7 A summary of the recrystallized pure AZ31 grain size for the different FSP

parameters

(a) On the different cooling condition under the same rotational speed of 800 rpm, these

FSPed thinner specimens are 7 mm in thickness

Without liquid N, o )
. With liquid N; cooling system
cooling
Advancing speed 90 mm/min 45 mm/min 90 mm/min
Average grain size 2.7 um 2.4 um 1.6 um

(b) On the different cooling condition and plate thickness under the same rotational rate and

advancing speed of 800 rpm and 90 mm/min, respectively

Average grain size in the bottom ultrafine

Sample
grain area
10 mm plate FSPed one pass ~2 um
7 mm plate FSPed one pass ~1.5 um
7 mm plate FSPed one pass with liquid N, ~550 nm
cooling
4 mm plate FSPed one pass with liquid N, ~450 nm

cooling (smaller pin tool, pin size: 3mm in
diameter and length and shoulder: 10 mm in

diameter)
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Table 3-8 Grain size and hardness at the FSP nugget bottom

FSP process condition d (um) H,
As received billet 75 50
800 rpm, 90 mm/min, 10 mm plate, 5 6
pin size: 18/6/6, no special cooling
800 rpm, 90 mm/min, 7 mm plate, 15
pin size: 18/6/6, no special cooling '
800 rpm, 90 mm/min, 7 mm plate,
. . . 0.55 88
pin size: 16/6/6, liquid N, cooling
800 rpm, 90 mm/min, 4 mm plate,
0.45 92

pin size: 10/3/3, liquid N, cooling

AZ31 1200 rpm, 28 mm/min, 4 mm plate, pin size: 10/3/3,

alloy . . oy e 0.35 110
new designed cooling system with liquid N,

1200 rpm, 33 mm/min, 4 mm plate, pin size: 10/3/3,

. . oy e 0.25 120
new designed cooling system with liquid N,
Two pass FSP. 1* pass: 1200 rpm, 37 mm/min;
2" pass: 800 rpm, 37 mm/min, 4 mm plate, pin size: 0.18 125

10/3/3, new designed cooling system with liquid N,

Two pass FSP. 1000 rpm, 37 mm/min, 4 mm plate,
pin size for 1 pass: 10/3/3; 2™ pass: 6/2/2, 0.08 134

new designed cooling system with liquid N,

ZrO, 1G4P, 800 rpm 45 mm/min, 10 mm plate,

. . . 3 98
pin size: 18/6/6, no special cooling
AZ31/Zr0, 710, 2G4P, 800 rpm 45 mm/min, 10 mm plate, 5 105
Composite pin size: 18/6/6, no special cooling
(monoclinic)|  ZrO, 2G4P, 800 rpm 45 mm/min, 10 mm plate,
in size: 18/6/6, no special cooling.
pin st P s 0.4 135

Subsequent pass: 800 rpm 90 mm/min,

pin size: 10/3/3, liquid N; cooling

* 10/3/3 represents the pin tool with shoulder diameter, pin diameter and length of 10, 3 and 3
mm, respectively.
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FSP process condition d (um) H,

71O, 1G4P, 800 rpm 45 mm/min, 10 mm plate,

- 103
pin size: 18/6/6, no special cooling
Zr0; 2G4P, 800 rpm 45 mm/min, 10 mm plate, 1135
pin size: 18/6/6, no special cooling '
AZ31/Zr0O,
Composite ZrO, 1G4P, 800 rpm 45 mm/min, 10 mm plate,
(tetragonal) pin size: 18/6/6, no special cooling - 105
With subsequent 6% compression
71O, 2G4P, 800 rpm 45 mm/min, 10 mm plate,
pin size: 18/6/6, no special cooling - 120

With subsequent 6% compression

. ZrO; 1G4P, 800 rpm 45 mm/min, 10 mm plate,
AZ31/810, o ) . 4 78
pin size: 18/6/6, no special cooling

Composite

(amorphous) Zr0; 2G4P, 800 rpm 45 mm/min, 10 mm plate, 3 -

pin size: 18/6/6, no special cooling

Mg70AlsZnys , 3P, 1500 rpm 20 mm/min,

. . . - 164+9
pin size: 16/6/5, air cooling
MgsoAlsZnys , 3P, 1500 20 mm/min,
Bs0R 404 B i 30643
Mg-Al-Zn pin size: 16/6/5, air cooling
intermetallic Mgs7.5ALsZns75, 3P, 1500 rpm 20 mm/min, i 340447
compound pin size: 16/6/5, air cooling
alloy Mgs7.5ALsZ 3P, 1500 rpm 20 mm/mi
8375 .25 .1137.5 » O, rpm 'mm min, i 341495
pin size: 16/6/5, water cooling
Mgs7.5AlysZ , 1OP, 1500 20 mm/min,
g37.5Al2541N37 5 rpm 2U mim/min ) 31648

pin size: 16/6/5, water cooling

*10/3/3 represents the pin tool with shoulder diameter, pin diameter and length of 10, 3 and 3

mm, respectively.
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Table 4-1 The experimental hardness and predicted hardness used by the iso-stress model in

the present composites. The initial hardness for the AZ31 billet is ~50

Particle and its volume  Measured hardness Hardness of Predicted hardness

fraction in composite of composite, H, matrix*, Hy of composite, Hy
~10 vol% ZrO, 98 82 (dg~3 um) 96
~20 vol% ZrO, 105 90 (dg~2 um) 112
~5 vol% Si0O, 78 76 (dg~4 um) 80
~10 vol% Si0, 87 82 (dy~3 um) 96

* The matrix hardness is calculated by the equation H 6 =40+ 72d g71/2 .
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Degreasing #
» Wire Brushing
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Stacking
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Figure 1-1

Cutting

:

i

Roll Bonding

Schematic illustration of the ARB facility.
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Plunger

Die

Sample

y

Figure 1-2  Schematic illustration of the ECA pressing facility [48].
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Figure 1-3  Schematic illustration of the spray forming facility [55].
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i= rd force elding

Direction .«

Figure 1-4 Schematic diagram of friction stir welding [88].
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(1) Start (2) Plunged into the joint

Backing Male

o= .
. Sed Fowce

(3) Moving {4) Finished

# Join material with '
Kf{l’_g';lhm he: #hir

Weld Metal

Figure 1-5 Schematic diagram of entire friction stir welding.
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width of tool shoulder

(A) Base metal, BM : This region not undergoing any influence of welding process

(B) Heat affected zone, HAZ : This region experiencing heat influence of welding process

(C) Thermomechanically affected zone, TMAZ : This region experiencing high deformation

and undergoing heat influence of welding process

(D) Stirring zone, SZ or dynamically recrystallized weld nugget zone, DXZ : This region

experiencing high strain and occurring dynamical recrystallization

Figure 1-6  Schematic illustration of the welding zone in friction stir welding.
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Figure 1-7 Microstructure of thermo-mechanically affected zone in FSP 7075A1 [89].
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Plate A Plate B
Welding
direction

@\ Retreating
\/ side

0)

v

Advancing
side

—~
=

Figure 1-8 Illustration of advancing side and retreating side.
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-

Figure 1-9 Typical onion ring in the nugget zone [ 104].

Horizontal cross-section

Welding
direction

—» [ransverse

cross-section

Figure 1-10 Three-dimensional drawing of the onion rings in the nugget zone [104].
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WD

e

Trace surface of basal plane

(2)

TD

Mixed component Boftoine

(b)

Figure 1-11 Schematic illustration of (a) trace surface of basal plane produced below the

borderline with an onion shape and (b) its transverse cross section [106].
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(b) Strain field map in banded microstructure

Figure 1-12 Micro hardness and strain field map in the banded microstructure [109,110].
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(a) Upper Material Feeds
Shoulder Zone

REAR Shoulder \ FROMT

; Extrusion
. Zone
Forgin / T
zuieg ] .- -Pre-Heat
i Zong
Vortex Swirl et i
L Initial Deformation
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(b)
TOOL ROTATION

WELDIMNG DIRECTION ! PIN TOOL SHOULDER

PIN TOOL TIP

/£

PRE-HEAT ZOME ; .
EXTRUSION FORGING Z0ME
BERAL ZOMNE COOL DOWN
ZONE
DEFORMATION
ZONE

Figure 1-13 (a) Metal flow patterns and (b) metallurgical processing zones developed

during friction stir welding [118].
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Featureless Shoulder  Scrolled Shoulder
(viewed from underneath)

Shoulder @

Threaded Pin Threaded Pin

with Flutes
I

Figure 1-14 Schematic drawing of the FSW tool [88].

outer diameter lands Exanple of Hislix

showing well radiused
Not to scale GOMers

Figure 1-15 Worl™ and MX Triflute™ tools developed by The Welding Institute (TWI), UK
[128].
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Shoulder

Headpin p7

(a) Smaller contact area of headpin

[ERe R R

& & oig

(b) Flared-triflute type probes

Figure 1-16 Illustration of the different probes, (a) smaller contact area of headpin and (b)
flared-triflute type probes [128,129].
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Ultrafine grain size (down to nano scale, less than 100 nm) and triple hardness inhancement (up to 150 H,
from 50 H,) of the Mg-Al-Zn AZ31 Mg alloy by friction stir processing

Basic FSP trials of pure AZ31 Mg alloys

Conclusion: heat input would change with different parameters

Grain size could be refined with lower heat input

L

Pure AZ31 Mg alloys
Goal: lower heat input with higher heat

conduction rate or cooling rate

-

~

Smaller tool

size
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generated)

—
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Thinner plate

(increase heat
conduction

rate)
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- /
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/\
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Goal: finer grain size and
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= = | =
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Pure AZ31 Mg alloys

Goal: lower heat input with higher heat conduction rate or cooling rate

Smaller tool size Thinner plate Specific cooling system
10 mm Material of back plate
Shoulder: 18 mm :
[ Pin: 6x6 mm | |
7 mm
Steel Copper with
Shoulder: 16 mm water cooling
4mm |
Pin: 6x6 mm

Shoulder: 10 mm

Pin: 3x3 mm

Combined with liquid

nitrogen

I
Achieving ultrafine grain l

around ~450 nm )

Newly designed cooling system

I |

chieving ultrafine grain around 100~300

nm in one single pass

Second pass (total 2 passes) with lower heat

input

Smaller pin tool

size

Goal! Achieving nano-grain size with triple

hardness
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Figure 2-2  The microstructure of the as-received AZ31 billet.
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Stirring Zone 6 mm width.

[TFixture.

EZn foil.

[JAI foil-

) AZ31

Liquid N,

Fig. 2-3  Schematic illustration of (a)(b) the stacked AZ31 Mg alloy sheets with pure Al and

pure Zn foils, and (¢) the fixture used for liquid N, cooling.

()
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(a)

LrQ powder pattern

Intersity

»

i L 40° a0° a0 T a0
Angle 3

(b)

[ 5i0; powder pattern

Intemsity

bl an 40 * a0 rlis a0 i ) nm
Angle, 28 . i

Figure 2-4 The XRD patterns and TEM micrographs of (a) the monoclinic ZrO, particles

and (b) the amorphous SiO, particles, both with an average diameter ~20 nm.
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* {712 : 1050 x 500 x 600 mm
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Figure 2-5 The appearance of the horizontal-type miller.
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Figure 2-6  Schematic illustration of the fixture design only with water cooling.

ND

=

Pure AZ31 plate

H r'd

1
“ “ Copper mould
X A

N '

Liquid nitrogen

Figure 2-7 Schematic drawing of the newly designed cooling system with liquid nitrogen

cooling.
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(@)

(b) (©)

Nano-powder FSP tool—»

Pin

>

1.25 mm FSP zone with nano-powder

Figure 2-8 Schematic drawings of the friction stir processing in fabricating the

Mg-AZ31/nano-particles composites: (a) appearance of cut deep grooves and (b) cutting

groove(s) and inserting nano particles and (c) conducting multiple FSP to fabricate

composites.
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(1) To insert nano-sized ZrO, (2) To repair the surface by the

powders into grooves tool without the fixed pin

(3) The true appearance after (4) Friction stir processing by

surface repair tool with fixed pin

(5) Over multi-passes with

opposite direction

Figure 2-9 Schematic illustration for the surface repair method for fabricating Mg base

composites by FSP.
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Processing direction

ype thermocouple

Figure 2-10  Schematic illustration of the position for the K-type thermocouple inserted in

the sample.
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(a)

(b)

Figure 2-11 (a) Schematic diagram of the chill block melt spinning. (b) Photography

of the melt spinning device.
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Pure AZ31 Mg alloy

without any nano-sized Mg base composite

powder

FSP

Rpm, speed, cooling system

Nano grain size and triple hardness

4 N [ N [ N [ N\ [ ™
OM TEM XRD Hardness Tensile
SEM test test

- L VAN O\ AN J

Figure 2-12 The experiment flowchart for this research.
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Advancing direction

o

D

WD

d

Nugget zone

(a) Schematic illustration of the sampling for tensile sample perpendicular to the pin

advancing direction.

~0 1.2 mm

(b) The geometry and dimension of the tensile sample perpendicular to the pin advancing

direction.

Figure 2-13  Schematic illustration for the sampling and dimension of the tensile sample

perpendicular to the pin advancing direction.
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N\
Trapezoid shape

-Deposition - Slope-eching [ Eching
(a) (b)

Figure 2-14  Schematic illustrations of (a) Top-view and (b) Side-view of preparation of

TEM-specimen by focus ion beam (FIB).
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s i e

(b) 800 rpm, 90 mm/min

(c) 40 rpm, 90 I]ZII]IIJ" o

(d) 800 rpm, 400 mm/min

Figure 3-1
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The appearances of the FSPed pure AZ31 alloys.
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Figure 3-2  Schematic illustration for sampling positions.
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(c)

1000 rpm 90 mm/min 800 rpm 400 mm'min

(e)

2450 rpm 90 mm/min 800 rpm 800 mm/min

Figure 3-3 The semicircular appearances of various FSPed specimens with different

processing parameters.
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- -

(a) Billet specimen FSPed at 1800 rpm 90 mm/min.

(b) Billet specimen FSPed at 800 rpm 200 mm/min.

Figure 3-4 The optical microscopy of the AZ31 alloy made by FSP: (a)-(b) cross-sectional

view, (c¢)-(d) cross-sectional view at a higher magnification.
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Base metal

(c) Billet specimen FSPed at 1400 rpm 90 mm/min.

Base metal

TMAYZ,

(d) Billet specimen FSPed at 1400 rpm 90 mm/min.
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(a) 600 rpm (b) 800 rpm

(c) 1000 rpm (d) 1200 rpm

(f) 1800 rpm

Figure 3-5 OM micrographs showing the variation of the recrystallized grain size in the

nugget zone for the different rotational speeds under the same 90 mm/min advancing speed.
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(2) 45 mm/min

(c) 200 mm/min (d) 400 mm min

(e) 800 mm/min

Figure 3-6 OM micrographs showing the variation of the recrystallized grain size in the

nugget zone for the different advancing speeds under the same 800 rpm rotational speed.
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Figure 3-7 Variation of the average grain size as a function of pin rotation rate for the FSP

AZ31 alloys under the same 90 mm/min advancing speed.
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Figure 3-8 Variation of the average grain size as a function of advancing speed for the FSP

AZ31 alloys under the same 800 rpm rotation rate.
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Figure 3-9 Typical temperature profiles measured by the inserted thermocouple into the

pure AZ31 alloys under the same 90 mm/min advancing speed.
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Figure 3-10 Typical temperature profiles measured by the inserted thermocouple into the
pure AZ31 alloys under the same 800 rpm rotation speed.
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Figure 3-11 Typical microhardness variations in the central cross-sectional zones of FSP
AZ31 alloys at 90 mm/min advancing speed.
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Figure 3-12  Plot for the Hall-Petch relationship for the grain size induced by FSP.
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(b) X-ray diffraction for as-received AZ31 billet

Figure 3-13  X-ray diffraction for (a) random Mg, (b) as-received AZ31 billet.
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Figure 3-14 XRD patterns for modified AZ31 Mg alloys by FSP at 90 mm/min advancing
speed.
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(b) MgsoAlsZnys multi-element alloy FSPed after 4 passes with 1500 rpm, 25 mm/min and 2°
tilt

(c) Mg37.5Alx5Zn37 s material FSPed after 10 passes with copper clamping kits and water
cooled

Figure 3-15 The appearance of the FSPed specimens and nugget zone of intermetallic

alloys.
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Fig. 3-16 SEM/BEI micrograph showing F1g 3- 17 SEM/BEI micrograph showmg
the phase dispersion in Mg;0AlsZn,s after the phase dispersion in MgsoAlsZnys after
three passes with air cooling. three passes with air cooling.
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Fig. 3-18 SEM/BEI micrograph showmg Fig. 3-19 SEM/BEI mlcrograph showing
the phase dispersion in Mgs75Al5Zn37s the phase dispersion in Mgs75AlysZns7 s
after three passes with air cooling. after three passes with water cooling.

rﬂ%‘u ,_'$~~ t- 1 i o

Flgl 3-20 SEM/BEI mlcrograph showmg Flg 3- 21 SEM/BEI mlcrograph showmg
the phase dispersion in Mgs;5AlsZns;s  the complete amorphous phase in
after ten passes with water cooling. Mg70AlsZnys fabricated by melt spinning.
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Figure 3-22 The XRD patterns for the Mg;0AlsZn,s system fabricated by FSP and melt

spinning.
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Figure 3-23  XRD patterns for Mg7AlsZn,s, MgsoAlsZnys and Mgz sAlysZnss s after 3 or 10

passes.
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Figure 3-24 The variation of Hy along the transverse cross-sectional plane of the
Mg70AlsZn,s, MgsoAlsZngs and Mgs; sAlysZnss s alloys after 3 or FSP 10 passes.
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(a) 4oom  (b) m (c)

Figure 3-25 TEM micrographs showing (a) the nano-sized Mg3;Al,Zns3 T phase in FSP
MgsoAlyZnsp and (b) the icosahedral T phase and (c) its diffraction pattern observed in FSP
Mg37.5AlsZns7 5.
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Figure 3-26 The appearances of the FSPed specimens under the 800 rpm rotational speed
and 45 mm/min advancing speed.
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Dynamically recrystallized

Nugget Zone

LY

. (Dvnamically rem}-'stallizéd

Zone)

Figure 3-27 The OM micrographs of the 1D4P ZrO, composite sample made by FSP:

(a) cross-sectional view, (b) cross-sectional view at a higher magnification.
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m WD 11.7mm

14m WD 11.7mm

Figure 3-28 SEM/SEI images of the AZ31/10vol%ZrO, FSP composite showing (a)
relatively homogeneous dispersion, (b) local inhomogenization of the nano-particle clusters
within the stirred zone after one-pass FSP, and (c) the improvement of clustered ZrO,

particles after four passes FSP.
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1m WD 11.7mm

Figure 3-29 SEM/SEI images at different magnifications of the Si0, composite
specimens with different volume fractions. (a), (c) and (e) 1G4P (~5 vol%), (b), (d) and (f)
2G4P (~10 vol%).
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12m . WD 11.7mm

WD 11.7mm

Figure 3-30 SEM/SEI images at different magnifications of the ZrO, composite
specimens with different volume fractions. (a), (c) and (e) 1G4P (~10 vol%), (b), (d) and
() 2G4P (~20 vol%).
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NSYSU 50kV ) 104m WD 11.0mm

1

(b)

Figure 3-31 SEM/BEI images of ZrO, composite specimens with different volume fractions.
(a) 1G4P (~10 vol%), (b) 2G4P (~20 vol%).
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Figure 3-32 The SEM/EDS analysis of ZrO, 2G4P (~20 vol%) composite specimens
showing the clustered ZrO; particles.
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s

50kV  X40,000 100nm WD 11.9mm

Figure 3-33 SEM photograph showing the clustered ZrO, located on grain boundaries or
trip junctions and some ZrO, embedded into grains of the AZ31 matrix (1G4P).
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Figure 3-34 X-ray diffraction for modified AZ31 Mg alloy without any particle by FSP.
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XRD patterns for (a) the Mg-AZ31/ZrO, and (b) the AZ31/SiO, composites.
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Figure 3-36  Typical variations of the microhardness (Hy) distribution in various FSP AZ31

composites and the FSP AZ31 alloy (no particles).
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Figure 3-37 SEM/SEI fractographs of tensile samples: (a) the FSP AZ31 alloy, and (b) the

FSP AZ31/10%ZrO; composite.
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Figure 3-38 The XRD patterns for the transverse cross-sectional plane of the tetragonal

phase ZrO, FSP composites.
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39 Vickers hardness variations measured along the central cross-sectional zones of

the FSP samples.
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Stress field around crack tip

Figure 3-40 Stress-induced transformation of metastable ZrO, particles in the elastic stress

field of a crack.
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Figure 3-41 The XRD diffraction patterns of the 1G4P and 2G4P Mg/tetragonal phase ZrO,

composites after 6% strain of subsequent compression along the normal direction.
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Figure 3-42  The hardness profiles for both 1G4P and 2G4P composites after 6%

compression.
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(a) Top (3.7 um) (b) Top (3.4 pm)
(c) Middle (3.6 um) (d) Middle (3 pm)
(e) Bottom (2 pum) (f) Bottom (1.5 um)

Figure 3-43  The stir zone microstructure of AZ31 billet FSPed at 800 rpm 90 mm/min
(a),(c),(e) plate is 10 mm in thickness (ave. 3.1 um); (b),(d),(f) plate is 7 mm in thickness
(ave. 2.7 wm)
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(a) Top (3.7 um) (b) Top  (2.77 pm)

(c)Middle (3 um) (d) Middle (2.5um)

() Bottom (1.5 um) (f) Bottom (1.5 pm)

Figure 3-44 The stir zone microstructure of AZ31 billet FSPed at 800 rpm 400 mm/min
(a),(c),(e) with steel back plate (ave. 2.8 um) ; (b),(d),(f) with usual cooling facility (ave. 2.3

um).
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(a) 45 mm/min (b) 45 mm/min

() 90 mm/min (d) 90 mm/min

Figure 3-45 OM micrographs showing the variation of the recrystallized grain size in the
nugget zone under the different cooling conditions as the same 800 rpm rotational speed.

(a) and (c) without liquid nitrogen cooling, (b) and (d) with liquid nitrogen cooling.
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Figure 3-46 Hardness profile of AZ31 7 mm plate FSPed at 800 rpm 90 mm/min and
cooled by liquid N».
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Figure 3-47 The SEM/SEI images for the pure AZ31 4 mm plate FSPed one pass with
liquid N, cooling (~0.45 um).
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Figure 3-48 The SEM/SEI image for the AZ31/ZrO, 2G4P FSPed with subsequent cooling

process by the tool which has 3 mm pin in diameter and length and 10 mm shoulder in

diameter.
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Figure 3-49 Hardness profiles of Mg-based composites made by FSP.
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Figure 3-50 TEM observations for the Mg/ZrO, composite with subsequent cooling pass,
together with a select area diffraction (SAD) pattern. Arrows indicate the ZrO; particles as

the obstacles for the grain boundary migration.
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Figure 3-51 Macrograph of cross section of the single-pass FS Processed AZ31 alloy at

an advancing speed is 28 mm/min.

Figure 3-52 SEM micrograph at low magnification showing the uniform ultrafine grained
structure in the AZ31 alloy after one-pass FSP at 28 mm/min with liquid N; cooling.
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Figure 3-53 SEM micrographs for the FSP AZ31alloy at an advancing speed of 28 mm/min.

Figure 3-54 SEM micrographs for the FSP AZ31alloy at an advancing speed of 33 mm/min.
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Figure 3-55 Grain size distribution chart of the ultrafine grained microstructure in FSP
AZ31 alloys.
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Figure 3-56 Microhardness (Hy) profile measured on cross-sectional planes for the FSP

ultrafine grained AZ31 alloy.
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Figure 3-57 The SEM/SEI images of the grain structures in the AZ31 alloy after two passes
FSP with the same advancing speed of 37 mm/min and the rotation rate of 1200 rpm at the

first pass and 800 rpm at the second pass. The same pin tool size is used in both FSP passes.
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Figure 3-58 The grain size distribution of the ultrafine grained microstructure in FSP AZ31

alloys.
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Figure 3-59 TEM observations for the two-pass FSPed AZ31 alloy in the as processed
condition.
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Figure 3-60 SEM/SEI images of the grain structures in the AZ31 alloys after two passes
FSP with the same rotation rate and advancing speed of 1000 rpm and 37 mm/min,

respectively. Smaller pin tool is used in the second pass.
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Figure 3-61 The grain size distribution of the nanometer grained microstructure in FSP
AZ31 alloys.
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Figure 3-62 TEM observations for the two-pass FSPed AZ31 alloy in the as processed

condition, together with a select area diffraction (SAD) pattern.\

Figure 3-63 TEM observations for the two-pass FSPed AZ31 alloy in the as processed

condition, showing the extremely fine nano-grains.

204



T T T
50 |- -
|
- 40 - / .
I(ﬂ -
g .
s 7
£ yd
S 20 /' —
- ||
N r o ]
10 F / .
- (a)
0 L | L | L | L
0 500 1000 1500 2000
Pin rotation speed, rpm
500 : . : : : ,
- -0 - - Billet
450 H —— Extruded plate 4
@,
=]
< 400 - -
bl
=
® 350f .
b
<P}
=
£ 300f i
[<P]
o
250 - (b) -
200 L 1 L 1 L 1 L
0 500 1000 1500 2000

Pin rotation speed, rpm

Figure 4-1 Variation of the (a) strain rate and (b) temperature as a function of pin rotation

speed.
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Figure 4-2 Plots for the relationship between the resulting grain size and Z-parameter in
specimens processed by (a) FSP and (b) extrusion or tension. The data on FSP (solid square)

are also included in (b) for comparison [170,171].
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Figure 4-3 Schematic diagrams showing (a) the iso-stress and (b) the iso-strain models.
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Figure 4-4 Schematic drawing of the load transfer direction under the indentation test.
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Figure 4-6  The typical microstructure of the two-pass FSPed AZ31 alloy in the as processed

condition, together with a select area diffraction (SAD) pattern.
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Figure 4-7 (a), (b), and (c) Strain-free nanometer grains formed along the subboundary and
grain boundary through DRX; (d) equiaxed nano-sized grains formed by DRX within the

nugget region.
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Figure 4-8 Schematic illustration of the grain refinement process of the two-pass FSPed

AZ31 alloy.
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