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Cuarter 1:

INTRODUCTION

Magnesium is one of the lightest engineering materials with a density of 1.74 g/cm?. It is one-
third lighter than aluminum, three-fourths lighter than zinc, and four-fifths lighter than steel.
Magnesium is usually used with aluminum as an alloying element to improve the machinability
and the corrosion resistance. Recently, the need of lightweight materials for fuel saving in

automotive industry has led to extensive research in the development of magnesium alloys [1].

To further enhance the mechanical properties of magnesium alloys, metal matrix composites are
introduced with the improvements in hardness, strength, toughness and wear resistance. In
composites, magnesium alloy holds the reinforcement in position as a structural material to
transfer of load to reinforcement. On the other hand, the reinforcement provides strengths to the
matrix. The interface between the matrix and the reinforcement has significant influence on the

final properties of the composites.

Basically, solid and liquid phase techniques are the two ways to fabricate metal matrix
composites. Powder metallurgy is an example of solid phase technique which includes the
process of powder blending and pressing, diffusion bonding of foils and physical vapor
deposition. Squeeze casting is one of the fabrication processes that belong to liquid phase
technique. Squeeze casting is a process that applying external pressure to infiltrate liquid metal

into a preform. There is no need for surface treatment such as coating to improve the wetting



behavior like treatment done to the powder metallurgy technique. Cost effective and high

efficiency are also the advantages of squeeze casting.

Two steps are involved to fabricate magnesium based composite by preform-squeeze casting
technique. First, preform is made and pre-treated prior the infiltration of magnesium melt. The
purpose and advantage of the preform is to uniformly and randomly distribute the reinforcement
in order to achieve the desired mechanical properties. Second, pressure is applied to infiltrate the

melt into the preform and the solidification process is under pressurized condition.

Recent studies have demonstrated that the preform and squeeze casting process was capable of
producing porosity-free magnesium-based composites, which were reinforced with alumina
fibers. However, in the open literature, there are almost no reports on the effect of volume
fractions of alumina fibers as reinforcement on microstructure development and mechanical

properties of magnesium matrix composites.

1.1 Objectives of this study

The objectives of this project are:

1. To fabricate preforms with different fiber volume fractions by the modified process;

2. To fabricate the magnesium-based composites with different fiber volume fractions;

3. To analysis the effects of fiber volume fractions on the mechanical properties of the
composites;

4. To study the solidification behaviour of the magnesium-based composites;

5. To analyze the microstructure of the magnesium-based composites;



6. To evaluate the influence of fiber volume fraction s on the corrosion behaviours of the

magnesium-based composites.

1.2 Thesis layout

There are five chapters included in this thesis. Chapter one provides an introduction on metal
matrix composites and fabrication techniques. Chapter two reviews studies on composites
processing, microstructure, corrosion behaviours and mechanical properties of magnesium-
matrix composites. The detailed experimental procedures are described in chapter three. The
experimental results and discussion on the microstructures, mechanical properties, corrosion
behaviours, and fracture analysis are reported in chapter four. Chapter five summarized the

present study along with calculations and made some recommendations for the future work.



CHAPTER 2:

LiteEraTURE REVIEW

Magnesium alloys have been increasingly grown in research community in recent years due to
the extending areas of their applications. For the lightness and recyclability of magnesium alloys,
researches have been done to explore the potential of magnesium and its alloy as s substitute of
steel, aluminum and plastic in automotive industry. With the development of scientific and
technological process, automobiles become more humanized. More and more electrical devices
are installed in vehicles, for example, increasing size of Light-emitting Diode (LED) screen,
satellite navigation system (GPS) and rear view camera etc. Obviously, the curb weight is
increasing without substitute the materials. Reducing the automobile weight is critical in order to

minimize fuel consumption and emission.

Magnesium is the lightest material with density of 1.74 g/cm® among the metals for structural
application, which is approximately 2/3 of aluminum, % of zinc and 1/5 of steel. It also has
considerable low melting temperature of 649 °C, slightly lower than aluminum. Magnesium
alloys are much more workable at elevated temperatures than at room temperature [1]. The
advantages of magnesium alloys are also demonstrated with their excellent castability, superior
machinability and better damping capacity as compared to aluminum and cast iron. Also it is
tougher than plastic, better electromagnetic interference (EMI) shielding than plastic and absorb
vibration energy effectively and recyclability. However, magnesium alloys have relatively low

absolute strength as compared to other structural materials, especially at elevated temperature [2].



Recently, Mg-Al system is the widely used for magnesium alloys. The temperature limit for
applications is up to 120 °C. To expand the industrial application, it is essential to improve the

high-temperature mechanical properties of magnesium alloys [3].

Development of magnesium matrix composites is one of the solutions for the need of high-
performance and lightweight materials in some specific applications. For example, the
magnesium matrix composite unidirectional reinforced with continuous carbon fiber provides
1000MPa in bending strength with the low density of 1.8 g/cm’. The superior mechanical
properties can be retained at elevated temperature up to 400 °C. Based on the demand of
application, the material properties can be tailored by changing the composite reinforced material.
The potential application of magnesium composites in the automotive industry could include:
disk rotor, piston head or piston ring grooves, gears, gearbox bearing, connecting rods, and shift

forks [3, 4].
2.1 Metal matrix composite

A metal matrix composite (MMC) is composite material composed at least two distinct phases.
One is a metal and the other material can be a different metal or another material, such as a
ceramic or organic compound. When at least three different materials are present, it is called
hybrid composite. Many of common material such as metals, alloys or polymers mixed with
additive also have a small amount of dispersed phases in their structure, however, they are not
considered as composite material since their properties are similar to those of their base
constituents. Thus, the phases in a composite material must have bulk properties significantly

different from those of any of the constituents [4].



MMCs are fabricated by dispersing reinforcing material into a metal matrix. MMC offer unique
combinations of properties. This group of materials becomes interesting for structural and
functional applications where conventional materials no longer meet the requirements. MMCs
have several advantages over the conventional material. The favourable properties are high
strength and stiffness, low density, high electrical and thermal conductivity, high temperature

stability, adjustable coefficients of thermal expansion, improved wear resistance etc.

2.2 Matrix

2.2.1 Purpose of the matrix

In a composite material, the matrix is a primary phase and having a continuous character. The
matrix is usually more ductile and less hard phase that completely surrounds the reinforcement

phase. The purpose of the matrix is [5]:

e To hold the reinforcement together and in the case of fibers;

e To transfer the load between the reinforcement form any external force;

e To provide the material its shape and give a rigid form to the composite;

e To control the electrical and chemical properties;

e To reduce stress concentrations by providing an elastic response and redistribute internal
stress; and

e To prevent the damage of the reinforcement from the environment and handling.

Common matrixes include polymer, metal and ceramics. Typically, most common polymer
based composite materials are fiberglass, carbon fiber and Kevlar, which includes at least two

parts, the substrate and the resin. Ceramic matrices currently are mostly made of SiC or carbon



which can be provide wear and abrasion resistance or protect the fiber from oxidation and

damage, and are used in aircraft system. Other examples are alumina reinforced cutting tools.

2.2.2 Function of the matrix

Unlike the polymer and ceramic matrices, the metal matrix has great effect on the strength of the
composite. Since the reinforcement is generally strong and stiff, the matrix is usually the weak
link in the composite. Thus, the matrix serves only in a limited way to the carrying capacity of
the tensile load in a composite structure. However, as a continuous phase, the selection of a
matrix has significant influence on the interlaminar shear and the in-plane shear properties of the
composite. The interlaminar shear strength is an important design consideration for structures
under bending loads, whereas the in-plane shear strength is important for structures under

torsional loads [6].

For the strength and damage of continuous fiber reinforced MMCs, Johnson [6] indicates that the
failure models of MMCs can be grouped into four categories based on the relative fatigue
behaviour of the fiber and matrix and the interface properties. The four categories are: (1) matrix
dominated, (2) fiber dominated, (3) self-similar damage growth, and (4) fiber/ matrix interfacial
failure. If the matrix material has a lower fatigue endurance strain range than the fiber, then
matrix dominated damage could occur. The matrix cracks developed by this result would cause

significant losses in stiffness in laminates with off-axis plies.

2.2.3 Types of matrix

Aluminum, magnesium, titanium and copper, nickel-based super alloys, and stainless steel are

currently used matrices. The first three matrices primarily serve as base alloys for automotive



and aerospace applications to reduce weight and remain their strength; for applications regarding
to the thermal management and electrical contacts, copper-based matrix composites are mostly
used; nickel-based and stainless steel matrix composites are suitable for high-temperature

application (>500°C) [7].

Magnesium alloy developments have been driven by automotive and aerospace industries, which
require lightweight materials to operate under increasing demanding conditions. Magnesium
alloys have the characteristics of good manufacturability, which include casting, moulding,
forging and also inert gas weldability [7, 8]. They also have excellent damping capacity
compared to the same product from other metals, which makes the use of these alloys more
attractive for increasing the life cycle of machines and equipment. Some other properties such as
dent resistance due to the relatively low modulus of elasticity, good corrosion resistance to attack
by alkali, chromic and hydrofluoric acids, and many organic chemicals extend applications of the
alloys. Recently, the addition of strontium or calcium improved significantly the creep resistance

with lower cost compared with the addition of the rare earth elements [9].

Magnesium alloys are mixture of magnesium with other metals, often aluminum, zinc,
manganese, silicon, copper, rare earths and zirconium. They could be grouped as Mg-Al-Mn
(with or without Zn), Mg-Zr, Mg-Zn-Zr (with or without rare earth), Mg-Ag-Zr (with rare earths
or thorium). The addition of certain alloying elements has the effect of increasing the strength,
corrosion resistance and high temperature properties. The effects of these elements are listed in

Table 2.1 [8].



Table 2.1 The effect of alloying elements in magnesium alloys [8]

Zn Hardening agent, generally being used with aluminum and zirconium
up to 6%.
Al Increasing the alloy strength, provide a long freezing range which

could cause casting porosity, commonly used up to 10% .

Mn Improving the corrosion resistance with a slight influence on the
strength of the alloy. Up to 2% is used alone, with considerably less in

conjunction with Al and Zn.

Si Improving the corrosion resistance with a slight influence on the
strength of the alloy. Up to 2% is used alone, with considerably less in

conjunction with Al and Zn.

Zr Powerful grain refiner, consequently increase the strength, only slight

solubility in magnesium.

Rare earths Strengthening the alloys and improving the high temperature properties

such as creep resistance.

Ag Used with rare earth and zirconium alloys resulting in age hardening

properties

2.3 Reinforcement

MMCs require reinforcement to achieve their manifold demand. The choices of the
reinforcements are determined by production and processing and by the matrix alloy of the
composite material. Generally, the applicable demands are include, i.e. low density, thermal
stability, mechanical compatibility, chemical compatibility, high Young’s modulus, high

compression and tensile strength, good processability and economic efficiency [10]. To achieve



these demands, non-metal inorganic reinforcement components are used. MMCs generally are
categorized based on the type of reinforcement. In particular, the composites can be separated

into two categories:

e Continuous reinforcement: fiber or filaments;

e Discontinuous reinforcement: short fiber, whiskers or particles.

Continuous fibers offer the composite highly anisotropic properties because of the high aspect
ratio (length to the cross sectional dimensions, diameter or thickness). The mechanical properties
are strongly influenced by the orientation of the fiber, i.e., the composite reaches its highest level
of mechanical properties when all fibers are aligned along the primary loading direction for a
given fiber volume fraction [11, 12]. The continuous reinforcement has the advantages, as the
excellent wear resistance, lower coefficient of thermal expansion and higher thermal
conductivity. On the other hand, discontinuous fiber or particles give good specific stiffness and
strength, it has positive effect on the hardness, wear resistance, fatigue resistance and
compression resistance. MMCs reinforced with discontinuous fiber have wide range of
applications due to their ease of manufacturing, excellent thermal and electrical properties. One
of the biggest advantages of the discontinuous fiber reinforced composites is the possibility to
work with the usual techniques of rolling, extrusion and forging. However, MMCs reinforced
with discontinuous fiber require diamond tools for cutting due to fast tool wear caused by the

hard second phase [11].

The purpose of the matrix is to hold together the fibers or other type of reinforcement. It is
increasingly clear that the microstructure of the matrix alloy has great influences on the overall

performance of the composite. Aluminum, magnesium, titanium and copper mostly are chosen

10



for the matrix due to their excellent resistance at high temperature. The combination of MMC

can be summarized in Table 2.2 [13].

Table 2.2 MMCs combinations with different reinforcements [13]

Aluminum Magnesium Titanium Copper
Long fiber | Boron (B), silicon Alumina (Al,O3), | Silicon carbide Silicon carbide
carbide (SiC), alumina | graphite(C) (SiC) (SiC), graphite
(A1,03), graphite (C) ©
Short fiber | Alumina (Al,O3), Alumina (Al,0O3)

alumina-silicon

(A1,03+Si0,)
Whiskers Silicon carbide (SiC) | Silicon carbide Titanium carbide
(SiC) (TiC)
Particles Silicon carbide (SiC), | Silicon carbide Titanium carbide
boron carbide (B4C) (SiC), boron (TiC), silicon
carbide (B4C) carbide (SiC),

boron carbide

(B4C)
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2.3.1 Characteristics of reinforcement

2.3.1.1 Carbon fiber

Among all kinds of composites, carbon fibers are the most developed fiber group. Carbon fiber is
popular in advanced composites in aerospace, transportation, and the military industry and it the

first used in recreational equipment. The reason for this is their excellent property profile [10]:

e Low density

e High strength

e High Young’s modulus

e High stability to molten mass in various metal system
e Possible large variation in property profiles

e Low coefficient of thermal expansion

e Good thermal and electrical conductivity

e High availability

e C(Cost effectiveness

Carbon fiber is more amenable to large-scale production than other advanced fibers. Carbon
fiber is also chemical inert except in strongly oxidizing environments or in contact with certain
molten metals and has exceptional thermophysical properties and excellent damping
characteristics. These engineering properties can be translated into usable physical and
mechanical properties. Besides, graphite fiber is in the carbon fiber family with a special form
which is obtained after heating to a temperature greater than 2400 °C (a process called

graphitization). Graphitization results in highly oriented, layered crystallographic structure,

12



which leads to significantly different chemical and physical properties than non-graphitic forms

of carbon .

2.3.1.2 Boron fiber

Boron, like carbon, has high strength and stiffness. It is another elemental fiber, commonly made
by chemical vapor deposition (CVD) on a substrate such as carbon or tungsten. Boron fiber is the
first high-performance monofilament reinforcement in composite. Due to its great mechanical
properties, thermal stability and reduced reactivity with the matrix, boron fiber is still being used

today, but cannot be compete with carbon fiber [14].

2.3.1.3 Silicon carbide

Silicon carbide (SiC) is used as reinforcement in composites by means of fiber, whisker or
particulate form. SiC is the most important monoxide ceramic fiber available commercially.
Commercially, the two main varieties of this fiber available are large diameter fiber made by
chemical vapor deposition (CVD) and small diameter fiber made by controlled pyrolysis of a
polymer [15]. In whisker form, the diameter range is from 0.01-0.3 um and the lengths from 8-
100 um. In particulate form, SiC provides a ready commercial source, which is related to the
abrasives industry and helps to lower the cost. Commercially available products are green and
black SiC. Green SiC provide better strength and thermal conductivity than black SiC. Typical
grain size used are between F-600 (mean size between 8.3 to 1.3um) and F-1200 (mean size
between 2.3 to 3.5 um) [15, 16]. The most use of composite material reinforced both by SiC
whiskers and powders are based on magnesium alloy, because magnesium forms no stable
carbides, i.e. SiC is stable in pure magnesium. However, a reaction takes place with sufficient

contact time if it is applied in magnesium alloys which contain significant amounts of aluminum.

13



2.3.1.4 Alumina fiber

Table 2.3 Chemical composition of Saffil alumina fiber [17]

Chemical composition Content, wt%
AlLO; 96-97
SiO, 3-4

Fe 0.040

Cr 0.006

Ni 0.014

Na 0.088

Mg 0.013

Ca 0.053
Chloride (total) 0.008
Chloride (leachable) 0.0005

Alumina fiber is a cost effective reinforcement, and it still keeps the excellent properties, such as
the strength, stiffness and thermal resistance. A short fiber, in the allotropic form of 6-allumina
(96%) is available commercially, manufactured by Saffil. Safiil alumina fiber was produced in
the early 1970s and has been involved in the development of MMCs application since the 1980s.
The chemical composition and some important properties provided by the manufacturer are
listed in Tables 2.3 and 2.4 [17], respectively. MMC reinforced discontinuously have the best
conditions for reaching the development goals. The alumina short fiber is cost effective and mass
production is possible. MMCs reinforced with short alumina fiber has further advantages over

the long-fiber continuous reinforced material, such as the relatively high isotropy of the

14



properties, and the possibility of processing composites by cutting and forming engineering.

Table 2.5 provide an overview of possible property profiles of different types of MMCs [18].

Table 2.4 Physical and mechanical properties of Saffil fiber [17]

Physical Properties Melting point (°C)

Main crystal phase 0-ALLO;

Density (g/cm’) 3.3
2000

Maximum useful temperature (°C) 1600

Coefficient of linear thermal expansion (K™) | 8x10°

Mechanical Properties | Strain to failure (%)

Tensile strength (MPa) 2000

Elastic modulus (GPa) 300
0.67

Hardness (Mohs’ scale) 7

Table 2.5 Property potential of different MMCs [18]

MMC types Properties | Young’s | High Wear | Expansion | Costs

strength | modulus | temperature coefficient

properties

Discontinuous ok ow * ok ok Low
reinforced MMC
Long fiber reinforced | ** oH oH * ot High
MMC
Mineral wool: MMC | * * ok ok * Medium
Other fibers oAk HoAk koA * *ok High

15



Note: * good, ** very good, *** excellent

2.4 Fabrication of Metal Matrix Composites

To fabricate the Metal Matrix Composite, different kinds of techniques can be applied. The
selection of the suitable process is depended on the distribution and quantity of the reinforcement,
(i.e. fiber and particle), the matrix alloy and the application. The convenient and versatile way to
fabricate MMC is the mixing of metallic powder and ceramic fibers or particulates, which
provide excellent controlling over the ceramic content across the complete range. MMCs can be
produced by conventional metalworking equipment. Two common ways to produce magnesium

matrix composites are powder metallurgy and casting.

The challenge in the processing of composites is to homogeneously distribute the reinforcement
in the matrix alloy to reach a defect-free microstructure. In the powder metallurgy process, the
composition of the matrix and reinforcement are independent of one another. It can be difficult to
achieve a homogeneous mixture during the process of blending, especially for fibers and fine
particles. For squeeze casting, preform is used which is made of fiber or/and particles. The
preform is placed in a pre-heated mould, which is later filled with the liquid metal before
applying pressure. The pressure creates an intimate link between the reinforcement and the
matrix alloy in molten state. Since, magnesium is very active, the other casting technique, i.e.,
stir casting, in which fibers or particles are exposed to a high temperature for long period, is not
good as squeeze casting or powder metallurgy process. In the following sections, the process of
powder metallurgy and squeeze casting for the production of magnesium composites are

explained [19].
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2.4.1 Powder metallurgy

By applying powder metallurgy process, magnesium alloys are first atomized and then mixed
with the reinforcement, then pressed, degassed and sintered at certain temperature in a controlled
atmosphere (vacuum). In present, a variety of magnesium based composited are being fabricated
by apply this process, for example, SiC/AZ91, TiO,/AZ91, ZrO,/AZ91, SiC/QE22, AND
B4C/AZ80. Powder metallurgy has its own advantage, which has the capability to produce
composite with high volume fraction of reinforcement (fiber/particle). However, this technique
involves the atomization process, which is complicated and expensive for bulk material
production. Thus, powder metallurgy might not suitable for mass production of MMCs. Figure

2.1 [20] shows the flow chart of the powder metallurgy processing.

Magnesium alloys Fibers/particles
[ [
Atomization or mechanical preparation De-agglomeration
[
Powders
Mixing
[
Pressing cold/hot
[
Extrusion
Composite

Figure 2.1 Flow chart of a powder metallurgy process for fabrication of Metal Matrix
Composite [20].
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2.4.2 Squeeze casting

Squeeze casting is the most common fabrication process of MMCs. Not only does it can

fabricate contours with a smooth surface finish, but also the heavy or thick walled parts can be

obtained by this technique. Figure 2.2 shows the process of squeeze casting process for

manufacturing composites [21]. Generally, the liquid metal is slowly filled into the mold and the

melt solidifies under very high pressure, which provides a fine-grained structure. The squeeze

casted parts have less or no gas inclusion in comparison with die casted parts. Squeeze casting

can be direct or indirect. With direct squeeze casting the die is part of the mold and the pressure

is applied directly to the melt to infiltrate into the preform [22]. However, with the indirect

process, the volume of the liquid metal must be exactly predetermined, since there is no gate

present and the quality of melt determines the size of the cast construction unit. Figure 2.3 shows

[23] the squeeze casting processes with direct and indirect methods.

Preform fabrication

Preheating preform

Melting magnesium
alloy

(Preform infiltration)

Squeeze casting

Composite

Figure 2.2 Flow chart of squeeze casting process for fabrication of composite [23].

18



., .
rﬂrn_ W

o |

oy

]

%

| (b)

Figure 2.3 Production of cast composite materials by (a) direct squeeze casting method, and (b)
indirect squeeze casting method [23].

In the process of squeeze casting, the reinforcements (fibers, particles or whiskers) are usually in
the form of a preform and then placed into to the casting mold (direct squeeze casting process).
Following this, a very high pressure applied to infiltrate the melt into the preform. The applied
pressure can significantly influence the mechanical properties and the microstructure of the
castings. During the solidification process, several phenomena take place under the high-applied

pressure. Firstly, freezing temperature can be shifted. The Clausius-Clapeyron equation [24],
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ar _ Tr(Vs=vi)

Eq. 2.1
ap Lf d

where T :is the equilibrium freezing temperature of the material
Vi: the specific volume of liquid, Vi: the specific volume of solid,
L¢ the latent heat of solidification.

shows that the solidification temperature of the material depends on the applied pressure and the
solidification latent heat. Secondly, the enhanced heat transfer by apply the high-pressure causes
the cooling rate to increase due to the firm contact between the solidifying melt ad mold walls.
Besides, the applied high pressure can effectively compensate the solidification contraction. As a
result, the casting can be produced with finer grain and higher density, which bring the great
mechanical properties for the casting. For instance, the ultimate tensile strength (UTS) of a
squeeze cast Mg-4.2% Zn-RE ally were improved by 15-40% over those manufactured by
permanent mold casting process [25]. Squeeze casting process also can improve the casting yield
due to the elimination of the risers in comparison to the gravity casting technique. However, the
pressure for squeeze casting has to be carefully controlled. The excess pressure can produce
turbulent flow of the molten metal, consequently gas might entrapped in the casting. Also, the
excess pressure can damage the reinforcements during infiltration, especially for fibers. As a

result, the mechanical properties of the composite can be significantly decreased [26].
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2.5 Wettability

The infiltration of the liquid metal and the bonding between the reinforcement and matrix alloys
are mainly influence by wetting. The sufficient infiltration and excellent of bonding gives the
composite higher standard of the mechanical properties. For a non-wettable system, the liquid
metal can flow into the channels first, and a pressure is necessary to push the melt into the
capillaries. For this situation, the interfacial reactions are tend to be the most active mechanism
to reach good bonding between the melt and the reinforcement. As a result, the inadequate
wetting of the reinforcement by the liquid metal and/or the excessive interaction between the
reinforcement and the liquid metal will probably reduce the mechanical properties of the
composite [27]. However, for a wettable system, the melt touch the surface of the reinforcement
with a high surface activity, the melt flows into both of the preform channels and small
capillaries easily and sufficiently in order to receive a better mechanical properties of the

composite.

2.5.1 Contact angle
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Figure 2.4 Definition of contact angle, 0 [28].
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Table Ap.2 Hardness measurement for matrix and composites with different fiber volume

fractions.

Number Hardness (HRB)

AM60 7% 9% 11% 22% 35%
1 43 54.9 52.1 55.7 77.2 86.1
2 5.7 52.8 51.9 58.9 76.1 83.9
3 5.1 46.8 61 57.8 80 81
4 6.3 48.7 57.1 64.8 73.1 87.1
5 4.2 47.5 56.5 63.7 86 86.6
Average 5.12 50.14 55.72 60.18 78.48 84.94
Standard 0.90111 3.533129 | 3.810774 3.90858 4876167 | 2.518531
Deviation

97



35%

35%

Figure Ap.7 Fractured surfaces showing the fracture origin of 22% and 35% composites.
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Latent heat sample calculation

11% fiber reinforced composite:

3.5

w
1

N
(9]
1

Heat flow (W/g)
U T

o
(9]
1

O T T T T T T T
560 570 580 590 600 610 620 630 640

Temperature °C

Figure Ap.8 Enlarged heat flow cure for 11% composite.

Using EXCEL, the peak area of the curve was calculated to be 19.49 W °C/g .

The heating rate was set to be 20 °C/min, and the weight of the sample was 18.7mg.

19. 9155
Latent heat = —=C =8 % 0.0187g = 1.09]
min 60s
Theoretical calculation of the latent heat:
WT = WF + WA

Where, Wris the total sample weight, Wris the weight of fiber and W 4 is the weight of the alloy
AMO60.

The densities of the fiber and alloy AM60 are 3.3 g/cm’® and 1.74 g/cm’, respectively.

Thus, the volume of fiber, Vy = W/3.3, and the volume of alloy AM60, Vo= Wa/1.74=(W-
Wg)/1.74

Wg
. 0/ — 3.3 —
= Vol% = Wg, Wr-Wg ™
3.3 1.74

1.74 Wg
1.74 Wg+3.3 (Wr—Wpg)
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2 1.74 Wi = Vol% [1.74 Wy + 3.3 (Wy — Wp)]
1.74 (1 — Vol%)W; = 3.3 Vol% - Wy — 3.3 Vol% - W
1.74 Wy — 1.74 - Vol% - Wy = 3.3-Vol% - Wy — 3.3 - Vol% - Wy
(3.3 —1.74) - Vol% - Wy + 1.74 Wy = 3.3 - Vol% - Wy

W . 3.3 * VOl% " WT
F™156-Vol% + 1.74

Thus, for an 11% composite with the sample weight of 18.7 mg, the weight of fiber in the sample
is 3.55 mg, and the weight of the alloy AM60 is 15.14 mg.

The latent heat for alloy AM60 is 373000 J/kg,

373000/

x 107% = 5.65
kg J

~ Latent heat for melting AM60 = 15.14 mg X
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Preform Making Procedure

Equipment: Chemicals:
Beaker (200ml) Dispersant
Test tube (10ml) Coagulant
Flat board Additive (Sodium Silicate Solution)
Sieve Fiber (Saffil™ Allumina Fiber)

Experimental Procedures:

1.

2.

10.

11.

12.

13.

Wash all the equipments and dry them using paper towel
Preparing 2 grams dispersant
Grinding 100-120 grams fiber using the sieve

Using the 6 litre pail to prepare 40 °C water (fill to the fifth check line from the top of the
pail)

Put the 2 grams dispersant into the pail with 40 °C water and stir for 5 minutes

Put the 100 grams fiber into the pail and stir for 5 minutes

Leave the mixture for at least one day

Pouring hot water (as hot as possible) into the beaker as long as the beaker is fulfilled

Put 9 grams coagulant into the hot water in the beaker and stir until the coagulant is
dissolved

Preparing 8ml additive using the test tube
Pouring the 9 grams coagulant-water mixture into the pail and stir for 5 minutes
Put the 8ml additive into the pail and stir for another 5 minutes

Add the particles (based on desired volume fractions) into the pail synchronously with
the additive and stir for 5 minutes (if perform with fiber and particle is desired)
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14. Put the clean filter bag into another clean pail, and pouring the prepared mixture into the
pail.

15. Fasten the bag and squeeze out the water as much as possible
16. Put the filter bag into the dryer and put a container under the water outlet of the dryer
17. Dry it until all the water is out of the filter bag

18. Get the sediment (fiber) out of the filter bag. If it is too dry, mix with same liquid (liquid
that squeezed out from the filter bag)

19. As shown in the figure on right, place the base

on a bath towel, make sure the surface is flat
Top part
20. Put the middle part on top of the base )\
21. Place the fiber into the hole (middle part)

Middle part [==5
22. Insert the top part into the hole of the middle

part and squeeze using a jack (proper force)

23. Stop squeezing until the desired height
(desired volume) is obtained

24. Bring the base, middle and top parts to the ground carefully

25. Push the two bars of the top part and pull the bars of the middle part using two hands
simultaneously.

26. Pull the middle and top part up and flip it over carefully
27. Using a knife (box cutter) to move through the bottom of the product
28. Move the product onto a clean surface (desk)
29. Dry it for 3 days
Heat Treatment
30. Power on the furnace
31. Press and hold the select button, until the screen is flashing with words
32. Change the option to LCL (bottom right corner)

33. Press select button to confirm
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34. Adjust to the desired temperature by press the up & down button

35. If the furnace door needs to be opened during heat treatment, press and hold the select

button, and change the option to RES (then Power Off if the heat treatments is finished)

36. Time period for heat treatment:

Steps Temperature Time
1 200 °C 3 hours
2 400 °C 15 minutes
3 750 °C 30 minutes
4 1000 °C 15 minutes
5 1100 °C 15 minutes
6 1200 °C 1.5 ~ 2 hours

* Start to count the time after the temperature reach to the specified value.

Preheating before squeeze casting

Steps Temperature Time
1 200 °C 30 minutes
2 400 °C 15 ~30 minutes
3 750 °C 90 minutes

* Heat to 200 °C one day before casting.
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Metallographic Sample preparation

Mounting
1. Open the 3 water valves
2. Turn on the Mounting Press machine
¢ Holding time: 2 min. 30 sec.
e Temperature: 150 °C
e Pressure: 3000psi
3. Loose the top cap
4. Press and hold the button “ RAISE”
5. Place the sample (polishing side face down)
6. Press and hold “LOWER”
7. Put 3 spoon power (for sample <2cm)
8. Tight the top cap
9. Choose the “MOLD SIZE” to be 30mm (for sample <3cm)

10. When completed, open the top cap and press/hold “RAISE”
11. Turn off the machine

12. Close the water valve

Polishing
1. Sand the edge of the mounted sample
2. 4 different size sand paper, polish the sample
3. Grinder (low speed), 2500C and 4000C sand paper
4. Using the GRINDER-POLISHER

e (lean the surface

¢ 1.0 micro-polish liquid for the left grinder

e 0.05 micro-polish liquid for the right grinder
e Add some liquid soap on the surface

Etching

Note:

Preparing 2% nitric acid

Immerge the sample into the prepared acid for 30 seconds
Clean with running water and ethanol

Dry the sample using a hairdryer

etch sample in a hood and wear gloves and goggles all the time.
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SDT Q600 Operation Procedures

Open the valve of Argon and Nitrogen, adjust the tuning valve to 20psi

2. Turn on the switch on the back of the SDT instrument

The computer should have a fixed IP address (not DHCP) of 172.23.188.11 and subnet
255.255.224.0 The DNS should be blank for both fields
Double click on the icon, T4 Instrument Explorer, on the desktop of the computer and

maximize the window

5. Make sure that the Sample Purge Flow is 100ml/min

6. On the SDT instrument, click on Control Menu = Furnace (open the furnace)

7. In the furnace, there are two crucibles (Al 960070. 901), the inner one is used as a

11.
12.

13.
14.
15.
16.
17.

18.
19.
20.
21.

22.

23.

24.
25.

reference (Do not touch)

Preparing the sample (20 ~ 40mg)

. Cleaning and drying the sample
10.

Preheat the crucible (remove the gas and impurity) by a hand held torch, then cool it
down before putting into the furnace

Make sure that the two crucibles are not in touch

Click on Control Menu = Furnace (close the furnace)-> Tare (zero the reference weight)
~+0.0076

It is better for sample to have one flat surface

Click on Control Menu = Furnace (open the furnace)

Place the sample into the crucible (center)

Click on Control Menu = Furnace (close the furnace)

Click on Experiment View icon - Summary->Mode: SDT standard—> Test: Custom—>
Sample (name) = Data file name (saving path)

Choose the date saving path, C: disk = TA - Data = SDT = Name...

Switch to Procedure = Test: Custom > Name = Ramp

Double click on Editor button

In the Segment Description section, double click on Ramp: 20 — 800 °C, to change the
desired value (heating rate 15 ~ 25 °C /min)

Click on Note = change the Operator name = Mass Flow Control Settings (Sample:
Argon, 100mL/min)

Make sure Air Cool is ON = OK

Click on the green start button (on top left corner of the window)

The test is finished until the sound of gas release can be heard
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26. Cool the furnace down to 40 ~ 50 °C

27. Click Shut down button on the TA instrument, waiting for the massage window appears
(The machine is safe to...), then turn off the instrument.

28. Close the valve of the gas
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