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ABSTRACT

Low concentration of carbon nanotubes were added into eutectic Sn-58Bi solder alloy
with the intention to improve the creep performance of the alloy. The solder alloy
was produced using powder metallurgy route. Prior to the synthesis of the solder
alloy and the composites, the effect of powders loading modes and rotational speeds
of the V-shape mixer on the mixing.uniformity were studied. The microstructure of
the solder alloy and the composites were also examined under the optical microscope
to observe the effect of sintering. Further microstructure characterization was
performed using the scanning electron microscope as well as the energy dispersive X-
ray analysis. Differential scanning calorimetry analysis was also performed on the
powders mixtures to study the reactions that occurred during the sintering process.
Sargent-Ashby creep model was then used to characterize the creep stress exponent of
the solder alloy and the carbon nanotubes reinforced composites. Results from the
experiment showed that the addition of small amount of carbon nanotubes of up to
0.2wt% was sufficient to lead to an improvement in the creep performance of the
'eutectic Sn-58Bi solder material. However, the improvement was not evident in the
0.5wt% and 1.0wt% composite samples due to the agglomeration of carbon

nanotubes.
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CHAPTER 1

INTRODUCTION

1.1.

Background

The eutectic Sn-40Pb solder alloy was once a widely used material for electronic
assemblies in the semiconductor industry until global environmental concerns in the
beginning of the third millennium spark countries around the world to enforce laws to
battle environmental issues and pollutions (Hansen, 2010). With the creation of
WEEE Directive in 2002 (ARCADIS ECOLAS & RPA, 2008) and the establishment
and enforcement of RoHS Directive by EU in 2003 (Neill, 2004), the usage of several
hazardous substances in semiconductor devices, including Pb, are banned.
Consequently, the inevitable transition from leaded to lead free solders has forced the
semiconductor manufacturers to start looking into possible candidates which are able

to replace the Pb-based solders that has been used for many decades. Various studies

{Reinikainem, 1999, Mathew et al., 2005) have been performed to search for the

suitable solder alternative to replace the Sn-40Pb solder alloy which is cheap, has

good solderability and reliability, and exhibit a low melting temperature of 183°C,

From the research initiated by three semiconductor manufacturers in Europe (Infineon
Technologies et al., 2001), the Sn-Ag-Cu solder material, or also known as SAC, was
found to be the most suitable primary alternative to replace the conventional Sn-40Pb

solder material.

The transition from Pb-containing solder to the Pb-free SAC solder means that the
soldering reflow temperature in the assembly process needs to be changed to a higher

temperature of 217¢C due to the different melting point exhibited by the SAC solder

compared to the conventional solder material. The change in the soldering reflow
temperatute has escalated the risk of temperature-induced defects in electrical and
electronic components, with dynamic warpage becoming a major concern in
semiconductor industry. As the development of silicon chips is growing in line with
prediction made by Moore’s law (Ward, 2011), the size of the microelectronic devices

will continue to shrink. The thinner silicon die and coreless polymer substrate will

further increase the risk of dynamic warpage in semiconductor devices. To alleviate

1



. the risk of temperature-induced defects in semiconductor devices, semiconductor

. industry has started to develop other solder materials with low melting temperature.
“Among the possible candidates for low melting solder includes the eutectic Sn-58Bi

; solder alloy, which has a low melting temperature of 1392C.

- “1.2. Problem Statement

~ The eufectic Sn-58Bi solder has .much lower melting point if compared to the
conventional Sn-40Pb and the SAC solders and is therefore expected to be able to
reduce the dynamic warpage issue during the soldering reflow process by allowing a
lower reflow temperature during component assemblies. However, due to the

.::: .relatively low melting point of 139°C exhibited by the eutectic Sn-58Bi solder alloy,

the material has high homologous temperature of 0.72 even at room temperature of

25°C. At this high homologous temperature, creep is the most vital deformation

: mechanism (Mahmudi et al., 2013). The remedy proposed to improve the creep
performance of the solder is to add CNT into the eutectic Sn-58Bi solder. As CNT
s jj_;exhibit superior Young’s modulus and electrical conductivity, the CNT-reinforced Sn-
58B1 composites are expected to deliver improved creep performance and electrical

properties.
1.3.  Objectives of the Research

This paper serves to evaluate the properties of both eutectic Sn-58Bi solder and CNTs

reinforced Sn-58Bi composites to verify the possibility of using it as an alternative

K
.
3,5

solder material for low temperature soldering. The objectives of the study include:

» To synthesize Sn-58Bi composite materials with different CNT reinforcements
using powder metallurgy route

® To perform microstructure characterization of the Sn-58Bi CNT reinforced

composites using optical and secondary electron microscopy
® To mvestigate the indentation creep performance of the Sn-58Bi CNT
reinforced composites

® To analyze the indentation creep performance of the composites in relation to

the microstructure characterization of the composites




Scope of the Research

| _:5'_Thjs thesis focuses on improving the creep performance of the eutectic Sn-58Bi solder
_.'-f.:'.:'.'alloy by using only MWCNT as reinforcement. The electrical properties of the
; :"_5;::::.:MWCNT—reinforced Sn-58Bi composites were not studied. However, it is expected
: _-;.::_'{hat if the reinforcement with MWCNT can yield a composite with good electrical
| ':E‘é..::.properties, then using SWCNT as the reinforcement material will give a composite
e with even better electrical performance (Al-Osaimi & Alhosiny, 2013). The author
cautions that the results obtained from the experiments performed in this study reflect
the creep resistance of the composites with agglomeration of MWCNT in the samples,
- _and therefore the creep performance of the composites may be improved if the
MWCNT can be pre-treated to prevent agglomeration of the MWCNT during the

" powder mixing process.

I addition, although creep of solder alloys can be studied using various methods, the
: creep performance of the composites in this study was investigated using only
_indentation creep. The results from indentation creep test, however, have been
f":‘_{;})reviously proved to give similar results with the conventional creep test (Mahmudi,
- Reetal, 2007),

1.5. Report Organization

This thesis consists of five chapters. Chapter 1 presents the background and

motivation behind the study, the problem statement and the scope of the analysis. To
perform the study, research on previous works related to semiconductor failure modes
and Pb-free materials as well as indentation creep has been reviewed and the analysis
on these works will be covered in Chapler 2. Chapter 3 describes the methodology
used to perform the in\'restigations, which includes using powder metallurgy route to
synthesize the composite and Vickers hardness tester to determine the indentation
creep performance of the composite. In Chapter 4, the results obtained from the

experiments are shown and are analysed in details. Chapter 5 summarizes all the

S S R e e SRR e e SR e

findings and at the same time presents some recommendation and suggestions for

future works.




CHAPTER 2

LITERATURE REVIEW

Brief History of Semiconductor Industry

2:1.1. Moore’s Prediction on Semiconductor

: _.'”S.ince its inception, the semiconductor industry has made phenomenal progress, with
the costs reducing and the performance improving, the inevitable miniaturization of
: the electrical and electronics components allow devices such as mobile phones and
:.ébfnputers to shrink in size. Moore (1965) predicted that the number of components
t}iﬁf can be fitted onto an integrated circuit will continue to increase with the unit cost
keep decreasing, and he also estimated that starting from 1975 the number of
'c“::(':imponents that can be put on a single chip for the same cost will double every two
y Eéu"s (Pumelt, 2003). The development of the silicon chip to date is still growing in
line with Moore’s prediction although more than 40 years has passed (Ward, 2011).
:With the number of transistors manufactured every year is expected to increase
o f‘ollowing Moore’s Law in the near future and the size of the components getting
_': smaller, there has been growing concern over the quality and reliability of the
electronic components and devices. The transition from Pb-based solders to Pb-free
solders in semiconductor industry due to the banning of lead usage since 2003 just got

= - the semiconductor manufacturers out of the frying pan, into the fire.

2.1.2. Transition From Pb-based to Pb-free Solders

Pb-based solders once dominated the semiconductor industry as the most widely used
solder material due to their low cost, good solderability and reliability, and low
melting temperature. ‘However, usage of lead in semiconductor devices has been
limited since the enforcement of RoHS Directive by EU in 2003 due to environmental

concerns. Even though exemption has been granted for certain devices such as

S R

servers, storage and storage array systems up to the year of 2010, the banning of Pb
means that development of new Pb-free solders is inevitable, with semiconductor
manufacturers such as Infineon Technologies, Philips Semiconductors and
STMicroelectronics began to develop the Pb-free SAC solder from as early as 2001
before the enforcement of RoHS Directive (Infineon Technologies et al., 2001).
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Development of Pb-free solders

-hé' new Pb-frec solders have to meet requirements in several aspects, which include

Wéﬁability, IMC formation, ductility, reliability, melting temperature as well as

_f;hanical performance (Kotadia et al.,, 2014). Zeng et al. (2012) have reviewed the

~ characteristics of some of the potential candidates for Pb-free solders, though their
focus is being placed on high temperature solders. Few of the potential low melting
- .-.:';féﬁ;perature Pb-free solder to replace the leaded solder which have been identified to
: -':date include Sn-Ag-Cu (SAC), Sn-9Zn, and Sn-58Bi.

2.1, SAC solders

-;_;_Eﬁtéctic and near-eutectic SAC alloys have low creep rate and show satisfying
:':-gtrength and ductility at the solder joints formed, which made them to be the primary
"'.'I_.'éndidate for replacing the conventional Sn-Pb solder alloys (Anderson & Walleser,
.'.--_2_007). When the solder alloys are being placed i decreased thermal cycling
_t(éinperature range, SAC shows improved results during the thermal fatigue tests if
..4-‘.‘_'_compared to the Sn-Pb alloys (Qi & Zbrzezny, 2004). Figure 2.2.1(a) shows the
:ternary phase diagram of SAC.

' " Eutectic

L MCa

% Sn-rich j.: i

fé corner

0

é Sasn % Gy A

. (@) {b)

Figure 2.2.1 (a) SAC Ternary Phase Diagram and (b) Sn-rich corner

(Source : Moon & Boettinger, 2000)




b t}c SAC alloys have composition of Sn-3.8Ag-0.7Cu (Anderson & Walleser,

0@7) SAC solders developed to date are located in the Sn-rich comer of SAC
ary phase diagram as shown in Figure 2.2.1(b), with composition of Sn-(2.0-4.0
9%)Ag-(0.5-1.0 wt.%)Cu (Anderson & Foley, 2001). When SAC solders are joined

Cu substrate, the CusSns IMC was observed first with a very thin layer of CusSn
Q;fmlﬁg at a later stage (Kivilahti, 1996). As time passes, the CusSns phase will

minate the solder joint component and grows at a very fast rate (Kim & Tu, 1995;

hosh 2000). During ageing, tHe CusSn phase will grow significantly and its
'e_liéiviour during the growth may have vital impact on the reliability of the joint
éfil_;_ed due to voids formation may occur in the CusSn layer (Tu, 2007). During SAC

ﬁng, melting temperature of 217=C is being used during soldering reflow

pr_qi_:éss. This reflow temperature is higher than the temperature used for Pb-Sn which

1 83 =C {(Moon & Boettinger, 2000). Due to the higher soldering refiow temperature

fSAC solders, dynamic warpage issue in the components during the reflow process

as become one of the major concerns in semiconductor industry.

22 Sn-Zn solders

2 :_litectic Sn-Zn solder alloys have melting temperature of 198°C which is very close
“to the 183°C melting temperature exhibited by the Sn-Pb solders. Sn-Zn solder alloys

: are therefore considered as one of the potential Pb-based solders replacement
éﬁndidate(lslam & Chan, 2005; Shiue & Tsay 2003; McCormark, 1994). At eutectic
E if-'bomposition, Sn-Zn solders show higher mechanical strength and lower cost

| compared to the traditional Pb-based solders. However, Zn can be easily oxidized if
not handled carefully during the assembly process, and with oxidation occurring, this

means that the wettability of the solders will decrease due to the oxide layer formed.

E
b
|

For certain cases, special fluxes and additional precautions are taken into
t§ consideration during the soldering reflow process (Rahn, 1993; Yu & Xie, 2004; Zhao
é & Ma, 2009; McCormark & Jin, 1994). The addition of Bi was found to be able to
g reduce the surface tension of the Sn-Zn solders (Bukat & Moser, 2010). Besides, the

wettability of Sn-Zn solder alloys can be improved by doping the solders with Ag
(Takemoto & Funaki, 2000), which at the same time can improve its ductility
(McCormark & Jin, 1994),




: '2.2.3. Sn-Bi solders

“In most solder alloys, Sn is used because it has greater tensile strength and shear
o strength. The Bi element itself has good wettability. When 58 wt.% of Bi is added
into Sn, a eutectic solder alloy with a relatively low melting temperature is formed.

Figure 2.2.2 shows the phase diagram of the Sn-Bi system.

300 i Squares represent intersection points of the graph with the weight j_SOD
- percentage of Bi in increment of 10% from 0% to 100% §
250+ - 2650
/ Liquid \ i
2004 +200
> ™l s
@ 1 oL +1. 1 3
g 1501 P Hso ¢
A g - By E
g 1 1 ®
'S{ 1 OD“: —:1 00 o
| a+p I
50+ 150
D ] . M S S SRS RNV

Weight Percent Bi o,

Figure 2.2.2 Sn-Bi Phase Diagram
(Source : K Street Studio, 2014)

~The Sn element has a melting temperature of 231.9°C, while the melting temperature
of the Bi element is 271=C. The cutectic composition of these 2 elements, however,
has melting temperature of 139=C, which is quite low when compared to the

__:: traditional Sn-Pb solders. In addition, at room temperature, Sn-Bi solders show
improved yield and fracture strength if compared with Sn-Pb solders (Hua & Mei,
'1999). The low melting temperature of the eutectic solder alloy means that the
soldering reflow can be performed at a lower temperature. The lower soldering
temperature will not only help to save operational cost which can later be used for

research and development purpose, but also reduce the risk of dynamic warpage of the

CEE

components in the device during soldering reflow. Various studies have been
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d to evaluate the intermetallic growth at the interfaces between the SnBi
and Cu substrate (Shang et al, 2013; Zhang et al., 2010). Similar to SAC
. the Sn-58Bi solder alloys form CusSns IMC when they are being soldered
Cu substrate, and the subsequent ageing will cause CusSn to form. Due to their
ages, various studies on Sn-Bi solders have been performed even before the
forcement of RoHS Directive in 2003. Moon et al. (2001) found that when Sn-Bi
'tiefs are contaminated with Pb, the solidification behaviour of the solder changes
tixe freezing range of the solder'will be increased. The Sn-58Bi solder alloys may
ve potential segregation issue during applications (Hansen & Anderko, 1993).

Creep

1. Understanding creep and its importance

_ee? can be defined as the time-dependent deformation resulting from constant
es_:' ASTM International, 2012). Creep is most of the time an engineering concern
omponents with high operating temperatures and stresses. However, in certain
n;_a_teﬁal such as concrete, moderate creep can help to relieve tensile stresses and this
ps to prevent cracking (Mallik, 2011). - When the homologous temperature for a
rial exceeds 0.5, creep is of engineering significance (Mahmudi et al,, 2013).
e homologous temperature is the ratio of the temperature of a material to its
ng temperature, with both temperatures in Kelvin scale. The eutectic Sn-58Bi

alloy used in this study has a melting temperature of 1399C, and such a low

lting point means that the material has a homologous temperature of 0.72 even at

nor al room temperature of 25°C. The high homologous temperature of the solder

‘alloy means that its mechanical behaviour can be characterized using its creep

. Creep and semiconductor failures

**Thé Joint Electron Device Engineering Council (JEDEC), which is currently known
as JEDEC Solid State Technology Association, was established in 1979 with the aim
Of developing a set of standards for semiconductor industry. The standards developed
' byJEDEC include industry standards, product standards and semiconductor failure
" standard test methods. Table 2.3.1 shows the list of typical semiconductor failure test
methods developed by JEDEC,



Table 2.3.1 Typical JEDEC Tests for Component and Assembly Level Testing

(Source : JEDEC Solid State Technology Association, 2005)

Test # Test
la Preconditioning
1b Assembly for components on PWBs inc. Preconditioning
2 Unbiased HAST
3 . High temp storage
4a Temp Humidity Bias
4b Temp Humidity No Bias
5 HAST with Bias
6 Temp Cycling
7 Power Temperature Cycling
8 Mechanical Shock (Drop Test)
9 Vibration, variable frequency
10 Bending, Monotonic & Cyclic
11 Solder Creep Rupture
12 Autoclave
13 | Thermal Shock

Among all the tests listed in Table 2.3.1, the bending and solder creep rupture tests are
the major tests where creep behaviour of the solder material plays a vital role. In
_semiconductor devices, creep mostly happen when temperature changes in the
 devices. Due to the different CTE possessed by different components in the devices,
the components will expand and contract at different rate and this will subsequently
cause the solders joining the components to deform. When the solder can no tonger
accommodate the cref;p damage, the joined components must deform or fracture,
'. which will lead to the failure of the devices. Creep may impact solders by changing
- the shapes of the joints, causing excessive stress concentration in certain areas of the
joints, coarsening of the grain of the solder material leading to reduction of joint
strength, crack formation and finally leading to the failure of the devices. The effect
of low creep performance of the solders can therefore lead to catastrophic failure of
devices and machinery, and this may further lead to fatality. For instance, there was a

case at Bialystok in Poland where the failure of a semiconductor diode caused
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diation injury to a patient. In that incident, the failure of diode has triggered a series
f events which include failure of the control software of a medical radiotherapy
quipment which then subsequently caused the particle accelerator of the equipment
malfunction and this led to overexposure of radiation on a patient (Holmberg, 2006,
"Iriférnational Atomic Energy Agency, 2002),

3.2.1. Solder crack

‘With the presence of resistance in.the circuit boards, it is inevitable that they will
_.dergo temperature changes when current is passed through the circuit. The
_:_t{_:.mperature changes may vary with different surrounding conditions and therefore the
_ _'e of changes may be very large. In addition, the temperature changes are most of
e time repetitive, and this subsequently causes the materials and components on the
;b_O_ﬁi‘dS to undergo expansion and contraction, As different materials have different
_cj(')é.fficient of thermal expansion (CTE), their rate of expansion and contraction will
from each other. This will cause the solders joining the different materials and
:cdlhponents to experience changes in stress concentration within the solders, which
:éiy cause cracks to develop in solder joints if the stress applied exceeds the stress
fimit. Solder crack is one of the major concerns in semiconductor industry as the
ilure of joint means the whole device will become dysfunctional. Solder cracks can
Be categorized into 3 different types based on the locations of the cracks, which are

crack at interface, crack at IMC layer and crack at solder bulk.

+2.32.1.1. Interface crack

*. " Interface crack can be used to refer to the solder crack occurring at the interface
between the components and the solders or between the substrate and the solders in
electrical or electronic components. Figure 2.3.1 shows the typical locations of which

... interface cracks may occur.
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Component

L

Solder

Interface cracks

/"
f
Substrate

Figure 2.3.1 Possible locations of solder interface crack (indicated by thick bold lines)

Solder cracks at interface are mainly caused by sudden temperature change or thermal
shock (Nishiura & Shiomi, 1992). When the solder is exposed to a sudden change in
t_jélﬁperature, the thermal shock causes the solder material to undergo grain
coarsening. With shear stress developed at the interface layer, the joint will fail when
the stress developed exceeded the maximum limit. Wu (1998) found that when solder
18 l_:éooled from its eutectic temperature to the room temperature, the cooling will
itiate large residual displacement at the interface area of which the crack occurred.
The thermal shock test is normally performed to detect solder interface crack in an
electrical or electronic component. In addition, another method of using Non-

Déstructive Monitoring of Direct Current Potential Difference has been developed to

aluate the interface crack between a solder and its substrate (Tada, 2006 ; Andou &
i --Ta(__ia, 2006). Using the Direct Current Potential Difference method, the crack is
éVéluated by the potential difference between the top of a wire placed into the solder

m#teﬁal and the substrate.

. 2.3.2.1.2. Crack at IMC Layer

IMC is a layer of compound formed near the interfaces of solders and the substrates
~-or components during the soldering process. IMC layer is vital in producing a reliable
. ':c_iint between the solder and the component or substrate. IMC layer normally has
] l_iard and brittle properties, and the composition, structure and brittleness depend on
the solder composition as well as the composition of the surface of substrate or
. Component of which the joint is formed. Figure 2.3.2 shows the locations of which

: :'t_:rac'ks may occur at IMC layers.




.Compenent

Solder Cracks at IMC fayer

T

Substrate

Figure 2.3.2 Possible Jocations of cracks at IMC layer of solder joints

Ider cracks at IMC layer may be caused by various factors such as rapid changes in

"'ﬁeiﬁture, mechanical shock, bending or even vibration. Most cracks occur due to

h level of strain or high rate of low level strain being applied to the IMC layer
egehall, 2006).

éa;r test and pull test with low strain rate are the conventional tests used to
ess the risk for cracks at brittle IMC layers (Coyle & Hodges Popps, 2003; Li &
e, 2002; Paik & Jeon, 2004; Zheng & Hillman, 2002). The results from the
".‘(')_nvéntional tests, however, may be inaccurate in certain cases. For instance, cracks
may only develop on nickel surfaces under high level of applied strain as well as high

_'él of strain rate. Thfs means that the conventional tests will show results indicating
t it brittle cracks may not happen but this may not be true when high strain level or
hlgh strain ate is applied. A few studies have been done and the results show that the
__qﬁiientional shear and pull tests are not adequate to test the risk for brittle cracks at
-.;-: the IMC layer (Chiu & Zeng, 2004; Date & Shoji, 2004; Newman, 2005; Sykes,
o ':'2005), as high strain level and high strain rate tests should be performed to access the

- risk for certain materials such as nickel. Besides the shear and pull tests, drop test
may also be performed to access the risk of cracks developing at the IMC layer when

he components experience mechanical shock.

2.3.2.1.3. Crack at Solder Bulk

If the solder joints are properly formed, cracks will occur through the bulk of the
solder itself if the stress applied to the solder has exceeded the limit (Westinghouse
Defense & Space Center, 1968). Figure 2.3.3 shows a crack through the bulk of a

solder.
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Figure 2.3.3 Possible crack location at the bulk of solder

he crack basically can occur at any areas within the solder bulk had the joints and
e _i_.IMC layer near the interfaces between the solder and the component or the
ub?;:f:rate are properly formed and are strong enough fo withstand the stress applied.
raéks at solder bulk normally occur due to cyclic temperature changes and constant
applied to the solder. The fatigue performance of the solder can be evaluated
sing thermal fatigue test while creep performance can be accessed using the Vickers

dii’ess test which is being utilized in this research.

3. Models developed for creep curves

he three different stages of creep are primary creep, secondary creep and tertiary
'eép. The difference between these three stages can be observed from the creep
curve shown in Figure 2.3.1, when the relationship between strain and time under
onstant load at fixed temperature is established. Primary creep represents the
ansient creep stage where the creep rate is decreasing. The creep rate will reach
'S'St:_e{_ady state due to the balance between recovery and strain hardening in the material,
and this stage where the creep rate is minimum is also known as the secondary creep.
he tertiary creep happens when the material is exposed to high temperature and high
:_:Si_i?i'_asses, in this stage t}‘w creep rate will increase rapidly due to diffusion of particles,

:ri_égi_fystallization or coarsening of precipitate particles (Mallik, 2011).
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| Tertiary creep x gacture point
: L Secondmy creep | S
Puimary creep 1o : L : -#,,_.;,-.

't —— Creep curve for constant load

e Cleep curve for constant stress |

Time, ¢

¢ 2.3.1 Strain vs time creep curves under constant load and constant stress
(Source : Kailuas, 2013)

models have been developed to represent the deformation of materials at
i ent stages of creep. For instance, Graham and Walles (1955) bave developed a
5 :t.'Iaw for primary creep of commercial alloy. Philips (1905) also developed a
fy creep model equation for metal wires and rubber subjected to a constant
lli g force, although his equation is different from Graham and Walles’ power law

ﬁ_ch a way that it is in logarithmic form. McVetty (1933) has also developed a

The secondary creep is the most important design parameter to be considered if long-
lif¢ application 15 one of the requirements. Two major models equation has been
dey eloped for this secéndary stage where creep rate is the minimum. Norton (1929)
d _Yeioped a power creep law before Nadai (1938) developed a hyperbolic sine law to

evaluate the secondary creep of materials.

"Tl_ié tertiary creep stage is normally evaluated due to concerns in rupture of the
_ -_-._-_:Sngineering materials under stresses. For short-life components, this stage of creep is
the most important factor to be considered  McHenry (1943) initiated the

. development of an exponential tertiary creep equation and applied it in concrete
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gns His model was later being developed further by Kachanov (1958) and

otnov (1969) to solve for creep issues in structural members.

_;_sfudy focuses on the secondary creep in which the creep rate is the minimum, as
of the properties that the solder material must possesses is long-life application.
ifference between the creep performance of the eutectic Sn-58Bi and the
NT-reinforced composites will be evaluated using the Sargent-Ashby model
is developed from Norton’s power law (Sargent and Ashby, 1992). The

a‘_rgént~Ashby model focuses on analysis for indentation creep.

' Comparison between different types of creep tests
Four major types of creep tests are widely used for characterizing the creep behaviour
of é_ gineering materials, these are conventional creep test, stress relaxation test,

ession creep test and indentation creep test.

t.1.Conventional creep, stress relaxation and impression creep

nventional creep lifting tests focuses on fully reproducing or predicting the full
creep curve. Abdallah et al. (2014) have . performed a critical analysis on the
nventional creep lifting method used to characterize creep performance of a
g}atétial and it was found that the Uniaxial Creep Lifting approach which yields a
reasonable creep curve is the most suitable conventional method to be used for
vating creep performance, but according to their review the approach still poorty
timated the primary creep curve. Various other approaches such as Larson-Miller,
éon—Haferd, Orr-Sherby-Dorn, Manson-Succop and Goldhoff-Sherby have also
en developed to predict the creep curves but none of these can yield a good fit for

¢ full creep curves (Abdallah et al., 2014).

The limitations on the conventional creep test have triggered the development of other
typ_gs of creep tests to evaluate the creep behaviour of materials, one of which is the
str_éés relaxation tests. The siress relaxation test is mainly used to characterize the
¢ep behaviour of polymers and soft materials. During the test, the material will be
_ _Subjected to tensile force at a fixed stress level. The decrease in load with time will
be recorded and the load-time graph can be analysed with various types of analytical

& gpproaches to yield the stress exponents.
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ression creep test, a cylindrical punch with flat end is used to penetrate the
under constant load and temperature. The change in penetration depth with

11 be recorded and the impression velocity obtained can be used for further

4.2.Indentation creep
e indentation creep test is performed by using a hard indenter to penetrate a

-ﬁi‘éteﬁal under constant load and temperature. The load applied will be maintained
t a period of time and the changes in size of the indentation are observed. The
process is similar with impression creep test, as the variation in penetration depth with
will be analysed in characterizing the creep behaviour of the material.
ntation creep test is sometimes also known as nanoindentation test due to the tiny
‘the residual impression, which can be as small as a few microns. The shape of

indenter may varies from spherical to pyramid, depending on the type of hardness

er alloy with homologous temperature of more than .65, and it was found that
ess exponent values obtained from these creep tests are in good agreement with
ich-other, with the values ranging from 2.55 to 3.20. It is therefore expected that
__1_1en the experiment is repeated using other creep tests, the results yielded will be in

g0od agreement with the results from the indentation test obtained through this study.

There are several advantages of using indentation creep technique to study the creep
performance of the materials, one of which includes reduction in variation in property
sample to sample. This is due to the creep information can be obtained from the
same piece of sample using the indentation creep technique unlike the conventional
ecp test, which may need more than one sample for the creep lifiing test (Douglas et
. '1965). The indentation creep test is simple and non-destructive technique. Thas

-_-_technjque can also be applied to characterize the creep behaviour of intermetallic,
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