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ABSTRACT

Name : Rahardian Ghazali
Study Program : Metallurgy and Materials Engineering
Title : Effect of Cooling Rate and Ternary Additions of

Chromium on the Microstructure of Ti-Si Eutectic
Alloy

This project investigates the effect of cooling rate and ternary additions of
chromium (Cr) on the microstructure of a Ti-Si eutectic alloy. In doing so, three
different samples with various composition were prepared, they are: Ti-8.5wt%Si
(eutectic), Ti-8.5wt%Si-0.2wt%Cr, and Ti-8.5wt%Si-0.02wt%Cr. During the casting
process of each specimen, the molten metal was poured into a wedge-shaped water-
cooled copper mould so that they have a range of cooling rate along their length. A
calibration curve to determine the cooling rates at different points along the mould was
prepared using an Al-6.5wt% Si alloy, for which the relationship between Dendrite Arm
Spacing and cooling rate is already known. Observation by using Scanning Electron
Microscope (SEM) was also performed in order to observe the change in the lamellar
spacing. And in order to relate the change in the lamellar spacing with the mechanical
properties, the Ti specimens were subjected to Ball Indentation Test (BIT). The result
shows that the relationship between the strength and the lamellar spacing in both Ti-Si
eutectic and Ti-Si eutectic +0.02wt%Cr samples is a Hall Petch-like relationship, where
the strength of the material increases with a decrease in lamellar spacing. However, the
strength of these two specimens reaches its critical value when the lamellar spacing is
about 240 nm. Further from this point, the strength decreases as the lamellar spacing
becomes smaller. The result also shows that the dependency of strength on the lamellar
spacing in Ti-Si+0.2wt%Cr is different with the other two samples in a way that there is
a continual softening as the lamellar spacing becomes smaller. At this stage, the reason
for this is still unknown, therefore, further investigation under TEM is required to

observe the deformation mechanism in this particular sample.

Key words:
Ti-Si Eutectic, Ball Indentation Test (BIT), Lamellar Spacing
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CHAPTER I
INTRODUCTION

I. 1. BACKGROUND

Titanium based alloys have been widely used in many fields such as
petrochemical engineering, medical appliances, aerospace and many structural
applications due to their low density, good creep performance, very high strength and
toughness as well as excellent corrosion resistance. Titanium can exist in two crystal
forms; alpha (o), which is a hexagonal close-packed structure and beta (3), which is
body-centred cubic. The alpha structure is stable up to 883°C in pure titanium, and it
transforms into the beta phase above this temperature. After transformed into beta
phase, it will then remain stable up to the melting point. The reversible transformation
of the crystal structure from alpha to beta when it exceeds certain temperature level
becomes one of the important characteristics of titanium-base metals. This allotropic
behavior depends on the type and amount of alloy contents, and it makes possible for
complex variations in microstructure and more diverse strengthening opportunities

than those of other nonferrous alloys such as aluminium and copper [1].

Figure 1.1. Titanium alloys capable of operating at temperatures from sub zero to 600°C are used
in aircraft engines. Source: http://www.msm.cam.ac.uk/phase-trans/2004/titanium/titanium2.html

However, it is also well known that casting of titanium and its alloys has some
inherent problems, notably, in the selection of mould material, severity of metal

mould reactions, relatively low castability and high energy consumption. These
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difficulties however, can be minimized by the development of low-melting cast
eutectic alloys with appreciable mechanical properties. The majority of binary
eutectic alloys of titanium are formed at high concentration (~25 — 40 wt%) with most
of the elements [2]. Two elements with low density, Si and Be, form binary eutectics
with titanium at lower concentrations (~8wt%). But, Ti-Be system has not received
much attention due to the toxic nature of Be. The Ti-Si system however, has been
investigated in some detail. The alloy system exhibits a eutectic reaction at a
temperature of 1326 °C (1600 K) and 8.5 wt% Si and forms a lamellar eutectic
structure upon cooling from the melt. However, the development of this alloy has
been severely limited by its low room-temperature plasticity, induced by the essential
brittleness of TisSi3 intermetallic compound. Many research papers has stated that it
is possible to improve the ductility and toughness of this alloy by adopting minor
addition of third element in order to modify their solidification behavior and

microstructure [2].

I. 2. OBJECTIVES
The objectives of this present study are:
e To investigate the possibility of modifying Ti-Si eutectic structure with small
additions of chromium
e To investigate the effect of cooling rate and ternary additions of chromium on
the microstructure of Ti-Si eutectic alloy
e To investigate the relationship between lamellar spacing and mechanical

properties in Ti-Si eutectic alloy.

I. 3. SCOPE OF RESEARCH
In the present study, three different samples with various composition were
prepared, they are: Ti-8.5wt%Si (eutectic), Ti-8.5wt%Si-0.2wt%Cr, and Ti-8.5wt%Si-
0.02wt%Cr. The specimens were solidified in a water-cooled copper mould having a
wedge shape so that they have a range of cooling rate along their length. A calibration
curve to determine the cooling rates at different points along the mould was prepared
using an Al-6.5wt% Si alloy, for which the relationship between Dendrite Arm Spacing

and cooling rate is already known. The microstructure of the samples was observed by
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using optical microscope and Scanning Electron Microscope (SEM). In order to relate
the change in lamellar spacing with the physical properties, the specimens were

subjected to Ball Indentation Testing (BIT).
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CHAPTERII
LITERATURE REVIEW

I1. 1. Basic Properties of Titanium

High strength, low density, and excellent corrosion resistance are the main
properties that make titanium attractive for a variety of applications. Examples include
aircraft and its engine (high strength to density ratio and creep resistance up to about 550
°C), biomedical devices (corrosion resistance and high strength), and components in
chemical processing equipment (corrosion resistance) [3].

Although titanium has the highest strength to density ratio, it is only applicable
for certain niche application areas due to its high price that mainly a result of the high
reactivity of this metal with oxygen. The use of inert atmosphere or vacuum is required
during the production process of titanium sponge from titanium tetrachloride, as well as
during the melting process, that results in an increase in the total production cost of this
metal. On the other hand, the much higher melting temperature of titanium as compared
to aluminum gives titanium a definite advantage when it is used in a temperature above
150 °C. However, the maximum use temperature of titanium alloys is mainly limited to
about 600 °C by the high reactivity with oxygen. This is because above this temperature,
the diffusion of oxygen through the oxide surface layer becomes too fast resulting in
excess growth of the oxide layer and embrittlement of the adjacent oxygen rich layer of
the titanium alloy. Table 2.1 shows us some of the basic properties of titanium as

compared to those of other structural metallic material based on Fe, Ni, and Al [3].

Table 2.1 some important characteristics of titanium as compared to other structural metallic materials [3]

Ti Fe Ni Al
Melting Temperature (°C) 1670 1538 1455 660
Allotropic Transformation (°*C) p 882 o y . a - -
Crystal Structure bce = hex fce —» bee fce fce
Room Temperature E (GPa) 115 215 200 72
Yield Stress Level (MPa) 1000 1000 1000 500
Density (g/cm’) 4.5 7.9 8.9 2.7
Comparative Corrosion Resistance Very High Low Medium High
Comparative Reactivity with Oxvgen Very High Low Low High
Comparative Price of Metal Very High Low High Medium
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I1. 2. Transition from Columnar to Equiaxed Growth (CET) during Solidification

One of the most important routes to produce metals and alloys is the
solidification process. During this process, the variations of temperature gradient and
growth rate together with different alloy compositions lead to a multitude of
microstructure, and hence, mechanical behavior. One of the important transitions that
have to be precisely controlled is the so-called columnar-to-equiaxed transition
(CET) [4]. This transition is usually assumed to occur when the advance of the
columnar front is blocked by equiaxed grains that grow in the constitutionally
undercooled liquid ahead of the columnar dendrites. CET has been reported to be
sensitive to many of the parameters associated with the casting process, and these
include the alloy composition, cooling rate, trace elements present in the melt,
casting size and mould material. After the molten metal is poured into the mold,
solidification starts at the cool mould walls and a solid shell will form quickly. The
fastest heat transfer direction is along the mold walls. After the formation of the
shell, the fastest heat transfer direction changes into the direction perpendicular to the
wall from the liquid. Columnar structure grows along this direction and toward the

melt until the growth is interrupted by central equiaxed grains [6].

SHRINKAGE
COLUMNAR H d e
ZONE
(— CHILL ZOMNE
1
11
e

g

EQUIAXED

Figure 2.1. ZOME 1 zone. [5]

It is well known that the mechanical properties of castings and ingots are also

determined by the columnar and equiaxed structures and its interfacial properties. In
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I1. 3.

order to maximize the mechanical properties of a casting product that is aimed for
certain applications, some solidification processes make use of a close control of the

CET either eliminating it or enhancing it [6].
Mechanical and Microstructural change induced by ternary additions

The Ti-Si eutectic alloy has a strengthening mechanism that is very different
from the traditional titanium alloys. The main difference lies on the fact that the Ti-Si
eutectic system consists of a ductile phase (a-Ti which is the matrix) and brittle

phase (TisSi3, acts as the reinforcement) [7].

(Ti-Si), ——> Ti+ TisSis

Si=Ti
Data from SGTE alloy databases (revised 2004)
FactSage
2500 T T T T T T T T
2300 |
100 F Liauio
1900
1700 b
1500
<
e 1300 ¢ S13T
SI2TH + Si(diamend- Ay
1100 F
900
00
500 1
300 1 1 | | 1 I | |

0 0.1 0.2 03 04 0.5 0.6 0.7 08 08 1
mole Ti/(Si+Ti)
Figure 2.2. Si-Ti phase diagram [8]

However, as mentioned before, the development of this alloy has severely
limited by its low room-temperature plasticity, induced by the essential brittleness of
TisSi; intermetallic compound. Researches on Ti-Si alloys have found that an
increase in Si content lead to an increase in tensile strength and attains a maximum
value of 750 MPa at 2 wt% Si. However, further addition of Si (up to 3wt%) resulted

in a decrease in tensile strength to ~540 MPa. In addition, the alloys also exhibit very
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low ductility (<0.1%) when the Si content exceeded more than 2wt%. More recently,
a directionally solidified Ti-Si eutectic (8.5 wt% Si) alloy has found to exhibit a
tensile strength as high as ~1000 MPa and elastic modulus of 190 GPa, but with
almost zero ductility [7]. This alloy was thought to be an alloy of industrial
importance provided its ductility could be improved. Table 1 below describes the
tensile properties of Ti-Si alloy with various Si compositions.

Table 2.2 Tensile properties of Ti-Si alloys with various Si compositions [6]

Si (wt%) UTS (MPa) 0.2% Yield Strength (MPa) Elongation (%)

0 315 207 30

0.6 535 423 21

1.0 686 608 18

2.0 780 726 1

3.0 589 = <0.1

4.5 711 687 0.7

6.5 834 736 0.8

8.5 775 726 0.4

Ti-8.5wt%Si alloy forms a lamellar eutectic structure upon cooling from the melt.
One of the main factors affecting the mechanical properties of a lamellar two-phase
alloy is the spacing between the lamellae. Some literatures has pointed out that the
Hall-Petch equation describes the relationship between yield stress (oy) and lamellar

. K
spacing (A) Oy = 0y + TR 2.1

Where o, and k are materials constant. Based on the equation above, it is clear that
one possible way to improve the mechanical properties (yield stress/hardness) of a
lamellar two-phase alloy is by lamellar refinement. However, the ductility of this
alloy will be decreased as the spacing between the lamellae becomes smaller, this is
because more matrix/lamellae interfaces that act as a hindrance for dislocation
movement are introduced to the system.

Minor addition of third element is usually adopted to increase the ductility and
toughness of eutectic alloys by modifying their solidification behavior and
microstructure. A good illustration in this regard is the modification of the Al-Si
eutectic alloy by minor additions of Na or Sr [7]. According to the literatures, by

considering the important role played by Na or Sr in modifying the microstructure of
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I1. 4.

an Al-Si eutectic alloy, attempts were made in order to increase the ductility of Ti-
6.5wt%Si alloy by minor addition of low surface tension elements, namely, Na, Sr,
Se, Te and Bi. It was found that the addition of these elements led to modification of
microstructure with apparently no significant enhancement of tensile ductility, with
exception of bismuth. The improved ductility in Ti-Si-Bi alloy is attributed to the
change in the morphology of eutectic silicides which were finer and displayed
reduced interconnectivity. In addition, the increase in the volume fraction of
dendrites may also contribute to the enhanced ductility of the alloy [9].

Some literatures have also pointed out that large addition of Cr on Ti-Si system
leads to a formation of quasicrystalline phase. Therefore, Cr obviously had an effect
on the crystal structure. In this project, a small amount of Cr is added to Ti-Si system
in order to find out if it is possible to modify the eutectic structure with small

additions of Cr.

Pattern Formation in Solidification

According to Science and Technology of Advanced Materials 2 (2001)
147-155, Regular patterns form in a number of solidification processes. Examples
occur during lamella and rod-like eutectic growth and when single phase cells or
dendrites are formed. As a lamella eutectic grows, different amounts of solute are
deposited in the two solid phases. At steady state, concentration gradient build up to
transport the solute across the lamella. The concentration gradient in the liquid near
the solid means that if the effect of surface energy is neglected, the interface could
not be at local equilibrium at more than one point. By considering the effect of
curvature on the melting temperature and adjusting the interface shape, it is possible
to satisfy local equilibrium at all points on the solid-liquid interface [10].

In directionally grown peritectics, the pattern and scale of the
microstructure are usually determined by the cells or dendrites of the high-
temperature phase. In each of these examples, the scale of the microstructure can
control later reactions and eventual properties of the material. J.D. Hunt on one of his
paper stated that steady-state analysis indicates that a wide range of possible spacings

could occur during eutectic, cellular or dendritic growth. The degree of freedom is
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removed by considering the mechanism determining the minimum and maximum
spacing on the specimen. it is found that the minimum spacing occurs when the array
first becomes stable for a lamella or rod-like eutectic, for cell growth and for some
dendrites. For low temperature gradient, high velocity dendrites, the minimum
spacing is determined by the spacing when the dendrites first become near enough to
interact. The maximum spacing for eutectics and for cells is determined by tip
splitting. The maximum spacing for dendrites occurs when tertiary arm becomes a

new primary [10].
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CHAPTER III

EXPERIMENTAL METHOD

I1II. 1. FLOW CHART OF THE PROJECT

Wedge-shaped samples:

1. Ti-8.5wt%Si (eutectic)

2. Ti-8.5wt%Si-0.2wt%Cr
3. Ti-8.5wt%Si-0.02wt%Cr.

A 4

A 4

Ball Indentation Testing

Cutting
|
v
Metallography
sample preparation
Y v
Quantitative Metallography: Qualitative Metallography:
3. Optical microscope 1. Optical microscope
4. SEM 2. SEM

A 4

Sl A

y

Analysis

A 4

/ Conclusion /
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I1I. 2. MATERIALS AND EQUIPMENTS

3. 2. 1. Materials

e Samples: 1. Ti— 8.5wt% Si (eutectic)
2. Ti—8.5wt% Si—0.02wt% Cr
3. Ti—8.5wt% Si— 0.2wt% Cr

e Silicon-carbide grinding paper

e Polishing cloth

e Dilute aqueous solution containing HF and HNO3 (Kroll reagent for the etchant)

e Ethanol

e Kerosene

e Epofix hardener

e Epofix resin

e Colloidal Silica Suspension

3. 2. 2. Equipments
e Buechler slow speed cutting saw
e Plastic mold for cold mounting
e Struers grinding machine (alumunium samples)
e Struers polishing machine (alumunium samples)
e Struers automatic polishing and grinding machine (titanium samples)
e Spray gun
e Ultrasonic bath for the removal of surface contaminants
e Optical microscope
e Olympus optical micrograph
¢ Ball Indentation Testing Machine (Mini Instron)
e Scanning Electron Microscope (PHENOM)
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I11. 3. TESTING AND OBSERVATION

3. 1. Casting of the Samples

The Ti-Si and Ti-Si-Cr samples were prepared by melting the alloy in a non-consumable
arc melting furnace. Each specimen was melted 4 times to ensure uniform chemistry of
the alloy. The molten alloys were then poured into a water cooled mould having a wedge
shape as shown in figure 3.2 (a). In order to get a wider range of cooling rate, each

composition was made into two samples with different dimensions:

. oA 02 mm . 62™" 0.2 mm
(a). Thin -, (b). Thick <>
L7
Length : 35 mm A Length :35 mm A
S
Width : 3 mm é Width 6.2 mm &

Thickness : 9.2mm Thickness : 9.2 mm

Figure 3.1. Each composition was made into two samples with different dimensions; (a) Thin samples
and (b) Thick samples.

N\

After cooled, the samples had small amount of excess metal on the top of them as shown
in figure 4.b. The next step was removing these excess metals, followed by cutting the
samples into two halves, so that we are able to examine the microstructure of the middle
part. Due to the difference in the mould wall thickness, the specimens will have a range
of cooling rates along their length. To simplify the identification of the positions, the
samples were divided into 5 points along their length, where the distance between each

point is approximately 7 mm. The Al-6.5wt%S1 alloy was prepared in the same way.

Figure 3.2. (a) samples were casted in a water-cooled mould having a wedge shape, (b) cutting of the excess
metaljfcy'samples are cut into two halves, (d) range of cooling rate along the length of the specimens.
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3.2.

3. 3.

Metallographic Sample Preparation

The samples were then mounted in epofix resin, followed by grinding, polishing and
etching stages to allow examination under optical microscope. The Ti samples were
etched with dilute aqueous solution containing HF and HNO3 (Kroll reagent). However,
the Al samples were not etched because the microstructure was able to be examined after
the polishing stage. The images of the microstructure in each point were taken and the

effect of cooling rate was investigated

Determination of Cooling Rate

Determination of cooling rate in the selected locations were done by calculating the
Average Dendrite Secondary Arm Spacing of the Al-6.5wt%Si specimen, which has the
same geometry as the Ti samples. The dendrite secondary arm spacings (A) were
measured as a function of the distance from the bottom of the Al-6.5wt% Si sample.
Based on the ASTM E112 (test methods for determining the average grain size), A can be
estimated by counting the number of arms intercepted by one or more straight lines
sufficiently long to yield at least 50 intercepts. To calculate the A, following equations

are used [11]:

A SR Rea A5G il 2.2)
Where: G/ ASTM grain size = (6.643856 logio P1)-3.288 ... ...l (2.3)
P, m NWE:;; g N (2.2)

In relation with cooling rate, the secondary arm spacing in Al-6.5wt% Si has been found

to obey [12]:

Therefore, once we know the A, the cooling rates can be determined by using this

equation: —(.33
(E) e, 25)
dt 50 % 10-¢
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3. 4. Observation under SEM (Scanning Electron Microscope).

After observation under optical microscope, the
etched samples were then separated from its

mounting resin. Since the Phenom (SEM) can

17.5 mm
only observe samples with length less than 20
mm, the samples were then cut into two halves.
SEM is required to observe the changes in 17.5 mm

morphology of the lamellar structure, since the

magnification of the optical microscope is not . ,
Figure 3.3. The samples were cut into two so

sufficient to do the job. that it can fit into the Phenom’s sample holder

3. 5. Mechanical Behavior (Ball Indentation Test)

In order to relate the change in microstructure with the mechanical properties, the Ti
samples were subjected to Ball Indentation Test (BIT). The basic principle of this
technique is multiple indentations by a spherical indenter at the same test location on the
test sample with intermediate partial unloading. Here a spherical ball with a specific rate
of loading indents the test materials and 8 indentations in a single position is made
through loading-unloading sequences [13]. The Ball Indentation Test was only performed
up to point 4 in thick samples, whereas in thin samples, it was performed only in point 1,
2 and 3. This is because the surface area in the region close to the end of the sample is too
small for BIT to take place. The consequence of performing BIT in these small areas is an
inaccurate result that might be caused by the size of plastic zone is larger than the surface

area as illustrated in figure below.

Point 1
Point 2

Point 3

. ]
Point 4 = Plastic zone

Point 5

Figure 3.4. BIT cannot be performed in area close to the end of the sample because the plastic
zone might be larger than the surface area, resulting in an inaccurate result.
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The data obtained from the BIT was in the form of load vs extension curve of the
8 cycles as shown in figure below.

900

i
| g 4
| W

Extension (mm)

Figure 3.5. Example of load vs extension curve of the 8 cycles that is obtained from BIT

After we get the graph, each load/unload cycle was analyzed and three parameters
were collected from the graph, which are:

e W, the peak load in Newtons
e h,, the total extension (mm)
e h,, the plastic extension (mm).

Figure 8 is an example of load vs extension curve of a single cycle that is obtained
from ball indentation testing. The way of obtaining each parameter is described in

this graph.

1204
r Load

@®
D (o]

/ /,,,hp

s

T —— > — T —
’
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

Extension (mm)

-0.005

The effect of cooling..., Rahardian Ghazali, FT Ul, 2009



Figure 3.6. A curve of a single cycle, showing the three parameters to be determined.
After the three parameters were obtained, the stress and strain for each cycle can

be calculated by using formulas below:

he =hi—0.75(hhp) ceveiiccinne (2.6)

a®=5(2-n) QRh, —h¢®) ..o, (2.7)
2(4+n)

Stress > Pp=W/na® .....ccooeunnn... (2.8)

Strain > € =0.2a/R. .........cc0ceuenen. (2.9)

Where R is the radius of the indenter, n is the work hardening coefficient and a is
the contact radius between the indenter and the specimen’s surface. The work

hardening coefficient (n), is obtained by iteration.

After the value of stress and strain for each cycle is calculated, then it is plotted
into a curve, where the strengthening factor and work hardening coefficient of the
specimen in each point can be obtained by fitting a power law equation into the

curve. An example of the stress-strain curve is given in figure below.

[ 2050 ¥y FER B 40O

2000 i e FAO . ...

1950 )

Toggiiie i ___ il S TG W N S B

Stress

Filyy, WL MR 0000 e W P Stress when Strain=0.09

1800 i
1750 ’

1700 . " r—

0 0.02 0.04 0.06 0.08 0.1
| Strain

Figure 3.7. Power law equation is fitted into the stress-strain curve to obtain the strengthening
factor and the work hardening coefficient.

After the strengthening factor and the work hardening coefficient are obtained for

each point, they are then plotted into a curve against the lamellar spacing. The
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magnitude of stress when the strain is equal to 0.09 is also obtained from the
graph to estimate theoretical UTS. The power law equation is used to calculate the
value of stress when the strain is equal to the work hardening coefficient. These

results are shown in figures 4.16 to 4.18.
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CHAPTER 1V
RESULTS AND DISCUSSIONS

IV. 1. Determination of Cooling Rate.

After the Aluminium samples were cut into two halves, the photographs of the
microstructure were taken in 6 different points along their length. Figure 4.1
illustrates the position of each point while figures 4.2 and 4.3 show the

microstructures at the different positions for thick and thin samples.

Figure 4.1. Photographs were taken in 6 different points along the specimen’s length

(Thick)

(28 mm from the bottom) (22 mm from the bottom)

{16 mm from the bottom) (10 mm from the bottom) (4 mm from the bottom)
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Figure 4.2. Microstructure of the thick Al sample in 6 different points.

(Thin)

(35 mm from the bottom) (28 mm from the bottom) (22 mm from the bottom)

(16 mm from the bottom) (10 mm from the bottom) (4 mm from the bottom)

Figure 4.3. Microstructure of the thin Al sample in 6 different points.

As explained in the previous section, the cooling rate was determined by
calculating the average secondary dendrite arm spacing of the aluminium sample, the
smaller the dendrite arm spacing means the higher the cooling rate. The pictures
above show us that as the distance from the bottom of the sample increases, the
secondary dendrite arm spacing becomes larger. This is an indication that the thicker
section of the specimen has slower cooling rate. The Al-6.5wt%Si was used to
determine the cooling rate because the relationship between cooling rate and the
microstructure (secondary dendrite arm spacing) is well characterized in many
literatures. In addition, due to the shape and the dimension of the mould, we cannot
put thermocouple to measure the cooling rate directly during the solidification
process. It must be noted that the cooling rate of the Al samples is not exactly the
same with those experienced by the Ti alloys, due to the difference in thermal

conductivity (heat transfer) between Ti and Al, but the trend will be the same
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because they have the same shape and dimension. Since we only want to get a
general idea of how the cooling rate changes in every point along the length of the
sample, we can plot a calibration curve by assuming that the highest cooling rate

achieved by the aluminium sample is equal to 1.

Cooling Rate in Each Point

1.2
F g 2 5 i
1 E -. LA IE
0.8 F L ="
1
E B ——Thin

\;\ﬁ‘
~l-Thick
D IC

Normalzed Cooline Eate
- F

[=]
&=

n

0 3 10 15 20 25 30 a5 40

Distance From the Bottom (mm)

Figure 4.4. Calibration curve showing how the cooling rate changes as the specimen becomes thicker.
The cooling rate in the thinnest section of the specimen (point F) is the highest compared to other points.

IV. 2. Microstructure
Each Ti sample was divided into 5 points along their length where the distance
between each point is approximately 8mm. Photographs showing the
microstructures of the samples with 5 and 20 times magnifications were taken in
these points by using optical microscope. In addition to this, the SEM pictures
with 15.000 times magnifications were also taken to observe the change in the

lamellar spacing.
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v" Ti-Si eutectic (Thin)

Point I (x20)

Point 2 20) ¥

Point 3 (x20)

T

]

Magnification x5

Figure 4.5. Microstructure of the thin Ti-
Si Eutectic sample with 5. 20, and 15.000

X

magnifications.

Point 4 (x20)

\ 4

[hin

19

\ 4

Point 5 (x20)

Figure 4.6. Microstructure of the thin Ti
0.02wt% Cr sample with 5, 20 and 15.00)

Si-
0 x

e L
ulaguulua LITULIS.
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Figure 4.7. Microstructure of the thin Ti-Si-

Point | (x20) Magnification x5 0.2wt% Cr sample with 5, 20 and 15.000 x
magnifications.
-
Point 2 (x20) 3 Point 4 (x20)
. ‘E!IL_
l--f—-|
o
Point 3 (x20) . Point 5 (x20)
21
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v" Ti-Si eutectic (Thick)

Point 1 (x20)

Point 2 (x20)

A

Point 3 (x20)

Magnification x5

Figure 4.8. Microstructure of the thick
Ti-Si Eutectic sample with 5. 20, and
15.000 x magnifications.

Point 4 (x20)

22
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v" Ti-Si-0.02wt% Cr (Thick)

Magni fication x5 Figure04.9. Microstruc.ture of the thin Ti-Si-
Point 1 (x20 0.02wt% Cr sample with 5, 20 and 15.000 x
: magnifications.

Point 4 (x20)
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v" Ti-Si-0.2wt% Cr (Thick) 0.75 mm
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After the SEM pictures showing the microstructure of all samples were obtained, the
lamellar spacings were then measured and the result is plotted into a graph versus

the cooling rate:

> Ti-Si Eutectic

Cooling Rate vs Lamellar Spacing

— 3,312
308 e y=20093x
R = 0.9505

Lamellar spacing (nm)
[
=
Lo

D 0.2 0.4 3.6 0.8 1 1.2
normalized cooling rate

Figure 4.11. Relationship between the cooling rate and the lamellar spacing in Ti-Si eutectic

» Ti-Si Eutectic + 0.02wt%Cr

Cooling Rate vs Lamellar Spacing

350

300 ho "8

E \ y=196.36x 0312
N 2 _
» 250 = R2=0.9694
S
3 200 \&Q\
v
3 e
=
2 150
I

100

50

D
0 0.2 0.4 06 0.8 1 1.2

Cooling rate

Figure 4.12. Relationship between the cooling rate and the lamellar spacing in Ti-Si+0.02wt%Cr
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» Ti-Si Eutectic + 0.2wt%Cr

Cooling Rate vs Lamellar Spacing

300

250 -
y=153.71x"37?
R?=0.9367

200

—
wl
[sn]

Lamellar Spacing {nm)

100

0 (.2 14 0.6 0.8 1 1.2
Cooling Rate

Figure 4.13. Relationship between the cooling rate and the lamellar spacing in Ti-Si+0.2wt%Cr

From the graphs above, it can be concluded that the cooling rate
obviously had an effect on the lamellar spacing, where higher cooling rate leads
to a refinement in the spacing between the lamellae. Figure 4.14 shows us the
microstructure of the upper half of the three thick Ti samples. From the figure, it
can be seen that there are two different zones present on the microstructure. The
first zone, which is located in the area close to the metal/mould interface where
the cooling rate is relatively high, is the columnar zone. And the second zone,
which is the last zone to solidify, is the equiaxed zone. This zone is located in the
centre of the thickest section of the specimens, where the cooling rate is relatively
low. The main difference between these two zones is that the lamellae in
columnar zones are having their preferential growth direction oriented parallel to
the heat extraction, whereas in equiaxed zones the orientation of the lamellae is
different in each grain. When we compare the microstructure of the three Ti
samples, it is found that the Cr content had an effect on the size of the equiaxed
zones, where further addition of Cr up to 0.2wt% leads to a reduction in the size
of this zone. We can also see from the figures that the sizes of the equiaxed zones
in thick samples are larger than in thin samples. This is attributed to the
difference in cooling rate where according to the calibration curve, the cooling

rate in thick samples is much slower
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~ Equiaxed zone:
The orientation of the lamellae is different
in each grain

S Columnar zone:
< ;‘c—z“ “"'E The lamellae are oriented in one direction
(perpendicular to the mold wall)

Figure 4.14. Microstructure of the three thick Ti samples taken with 5x magnification;
(a) Ti-Si eutectic, (b) Ti-Si eutectic + 0.02wt%Cr and (¢) Ti-Si + 0.2wt%Cr

The columnar-to-equiaxed growth (CET) is usually assumed to occur when
the advance of the columnar front is blocked by equiaxed grains that grow in the
constitutionally undercooled liquid ahead of the columnar dendrites. The main
parameters that influence the CET include the cooling rate and the alloy composition.
During the solidification of the samples, columnar crystals were started to grow fairly
rapidly from the mould wall into an initially steep temperature gradient produced by
the superheat liquid [6]. As the solidification proceed towards the centre, the
temperature gradient in the liquid decreases because of the low thermal conductivity
of titanium. And when the temperature gradient ahead of the columnar interface is
low enough, equiaxed crystals were started to grow in the liquid. In some part of the
specimens, the columnar structures progressed to the centre, where the grains
advancing from the opposite wall meet. This is because during the solidification, the
temperature gradient ahead of the columnar interface is still relatively high, and the
fastest heat transfer is still in the direction perpendicular to the mould wall from the

liquid even until the columnar grains growing from the opposite wall meet.
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Observation under optical microscope reveals that some small dark areas
similar to the shape of an equiaxed grains appear on the solidification line in thin Ti-
0.2wt% Si sample. It has to be noted here that it is difficult to reach a 100% a
compositional uniformity in a casting product. Therefore there is a possibility that
these small zones are the area where the composition is different. However, in order
to prove this theory, further investigation by using TEM (chemical analysis) is
required. Another possibility is that these dark areas are an actual equiaxed grains
that exist because many fine crystals were formed near the chilled zone, and some of
these small crystals may be transported by fluid convection to the centre of the casting
where they act as preferred sites for grain growth.

In order to observe the effect of ternary addition of Cr on the morphology of
the lamellar structure, SEM pictures of the microstructure of the three Ti samples are
shown below. These pictures were taken in same location (point 2), therefore we can
assume that the cooling rates for these three samples were approximately the same

and no other factor affecting the lamellar structure except the Cr content.

Figure 4.15. Lamellar structure in the three Ti samp
Si eutectic + 0.02wt% Cr and (c) Ti-Si eutectic + 0.2wt% Cr. These pictures were taken in same location
(point 2), therefore the cooling rates were approximately the same.

From the SEM pictures obtained, it is clear that Cr obviously had an effect on
the morphology of the lamellar structure. This conclusion is based on the founding
that the lamellae in Ti-Si eutectic are a bit wavy (not perfectly straight), and this
waviness disappear as ternary addition of Cr is introduced into the alloy. And when
the Cr content is increased to 0.2wt%, another change in the morphology of the
lamellar structure had occurred, where the lamellae are now become interconnected in
some areas (red circle). Furthermore, the lamellar spacing is also found to be affected
by the Cr content, since the SEM images show that the lamellar spacing is becomes
smaller when Cr (0.02wt%) is added into the alloy. And more addition of Cr up to

0.2wt% leads to a further refinement in lamellar spacing.
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IV. 3. Mechanical Properties (Ball Indentation Test)

v Lamellar Spacing vs Strengthening Factor
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Figure 4.16. Graph showing the relationship between the lamellar spacing and the strengthening
factor for the three titanium samples.

v Lamellar Spacing vs Work Hardening Coefficient
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Figure 4.17. Graph showing the relationship between the lamellar spacing and the Work
Hardening Coefficient for the three titanium samples.
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v Lamellar Spacing vs Theoritical UTS
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Figure 4.18. Graph showing the relationship between the lamellar spacing and the Predicted
UTS for the three titanium samples.

From the graphs obtained, it is clear that the strengthening factor, work
hardening coefficient and the predicted UTS are having the same shape of curve when
they are plotted against the lamellar spacing. According to the graphs, we can see that
the relationship between the strength and the lamellar spacing in both Ti-Si eutectic
and Ti-Si eutectic +0.02wt%Cr samples is a HallPetch-like relationship, where the
strength of the material increases with a decrease in lamellar spacing. The reason
behind this is because in material with smaller lamellar spacing, more lamellar/matrix
interfaces exist. These interfaces act as a hindrance for dislocation movement,
resulting in a higher value of strength. However, the strength of these two specimens
reaches its critical value when the lamellar spacing is about 240 nm. Further from this
point, the strength is decreases as the lamellar spacing becomes smaller. The only
difference between Ti-Si eutectic and Ti-Si eutectic +0.02wt%Cr samples is that the
maximum value of the theoretical UTS achieved at the critical point is higher in Ti-Si
eutectic + 0.02wt%Cr sample. Note that there are two points on the right side of the
curve that shows an independency of work hardening coefficient on the lamellar
spacing. This is because these two measurements were taken inside the equiaxed zone
where the lamellar spacing seems to be no longer the factor that dominates the

deformation.
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As we can see from the graph that the behavior of the work hardening
coefficient, strengthening factor and work hardening coefficient in Ti-Si+0.2wt%Cr
is different with the other two samples in a way that there is a continual softening as
the lamellar spacing becomes smaller. At the moment, the reason for this is still
unknown, therefore, further investigation by using TEM is required to observe the

deformation mechanism in this particular sample.
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CHAPTER IV
CONCLUSION AND FUTURE WORKS

The results of the project can be compiled into some points as the following:
1. The lamellar spacing becomes smaller as the cooling rate is increased.

2. The addition of Cr on Ti-Si eutectic leads to a refinement in the lamellar spacing.
Moreover, The morphology of the lamellar structure has found to be affected by
the Cr content, where small addition of Cr (0.02wt%) eliminates the waviness of
the lamellae occurred in Ti-Si eutectic. And an increase in Cr content to 0.2wt%

leads to interconnectivity between the lamellae.

3. There are two different zones present on the microstructure of the three Ti samples,
which are columnar and equiaxed zones. The main difference between these two
zones is that the lamellae in columnar zones are having their preferential growth
direction oriented parallel to the heat extraction, whereas in equiaxed zones, the
orientation of the lamellae is different in each grain. In addition, it is also found
that the size of the equiaxed zone is become much smaller when the Cr content is

increased up to 0.2wt%.

4. From the data obtained, we can conclude that the dependency of theoretical UTS
on the lamellar spacing in both Ti-Si eutectic and Ti-Si eutectic +0.02wt%Cr is a
HallPetch-like relationship, where the strength is increased when the lamellar
spacing is reduced. However, there is a critical point (when the lamellar spacing is
approximately 240 nm) where further from this point, the strength of the material is

decreases as the lamellar spacing is becomes smaller.

5. The dependency of the theoretical UTS, work hardening coefficient and the
strengthening factor on the lamellar spacing in Ti-Si eutectic + 0.2wt%Cr sample is
different with the other two samples, in a way that there is a continual decrease as
lamellar spacing becomes smaller. And since the reason for this is still unknown,
therefore further investigation by using TEM is required to observe the

deformation mechanism of this particular sample.
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Future Work:

1. Further characterization of the phases present, especially in the Ti-Si eutectic
+0.2wt%Cr sample will be performed by using SEM, TEM and XRD. Moreover
the crystallographic relationship between the two lamellar phases present will also
observed.

2. In addition to this, the deformation mechanism of the three samples will be
determined in order to find out the reason behind the difference in dependency of
theoretical UTS, strengthening factor and work hardening coefficient on the

lamellar spacing in Ti-Si eutectic + 0.2wt%Cr sample.
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