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Thermal Analysis and Creep Curve for Some Sn-Ag-Cu Compositions

M.Sc. Abdullah Tayser Abdullah Mulla*a

Abstract:

In this work have been investigated the mechanical properties, thermal analysis of Sn—3.5Ag, Sn-3.5Ag-0.5Cu,
Sn-3.5Ag-1.0Cu, Sn-3.5Ag-1.5Cu and Sn-3.5Ag-2.0Cu ternary alloys. The samples were prepared from Tin, Sliver
and Copper with high purity of 99.99%. The melting point was determined by (DSC). The results showed that with the
addition of small amount of Cu elements, the melting point was changed for all alloys.

Results showed that (SAC) solders, which containing a small amount of Cu element, exhibited significantly
improved creep resistance and the creep time to failure also increased. The improvement in creep resistance can be
attributed to the presence of Cu, which aid to resist the motion of the dislocations and there is observed the activation
energies were stress dependent for each solder system 9.8 MPa, 11.76 MPa. Also that The sensitivity rate, increases
with increasing temperature.

Keywords:Lead-free solder / Sn—Ag—Cu alloy / Thermal Properties / Creep Curve / Sensitivity Rate / Activation
Energy
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Introduction:

The microelectronics industry continues to include expanding and evolving topics and technologies as the
demands for smaller, faster and lighter products. To achieve higher circuit board component densities, package
dimensions have been shrinking. Although the electronics industry has made considerable advances over the past few
decades, the essential requirements of communications among all types of components in all electronic systems
remain unchanged. Components need to be electrically connected for power, ground and signal transmissions. Solders
play an important role in any electronic assembly. They are used in different levels of the electronics assembly and
act, in the same time, as heat dissipaters and stress relievers 31,

However, due to concerns about the toxicity of Pb, restrictions have been implemented on the use of Pb in solder
alloys. In fact, the European Union (EU) has enacted legislation known as the Restrictions Of Hazardous Substances
(ROHS), that limits the maximum Pb content in the solder alloys to 0.1% by weight as of July 2006 on all electronic
products entering the EU market. Lead is a naturally-occurring element that can be harmful to humans when ingested
or inhaled particularly to children under the age of six years. Lead particles in the environment can attach to dust and
be carried long distances in the air. Such lead-containing dust can be removed from the air by rain and deposited on
surface soil where it may remain for many years. In addition, heavy rains may cause lead in surface soil to migrate
into ground water and eventually into water systems 41,

For more than 50 years, solders containing lead have been used almost exclusively throughout the electronics
industry for attaching components to Printed Wiring Boards (PWBs). The Sn-Pb solder is the most widely utilized

338



2017(2) ) (3) sl Ul oLl 2y ol Eondlisles s nndihy aps iisms Lo ds oﬁwaw\ugw

soldering alloy, the popularity of this alloy is due to its relatively low melting temperature, aggressive bonding
characteristics, good electrical continuity and low cost.

Nontoxic substitute materials should satisfy a number of criteria if they are to serve as an effective replacement
for lead. Tin is the basic material for the introduction of lead-free alloys. The reasons for the use of tin are due to its
low costs, world-wide availability, excellent physical, good electrical and thermal properties. Tin is the basis of the
group of the Sn-Pb solders currently used. There have been numerous new lead-free solders invented over the past ten
years as replacement alloys. The characteristics of these alloys which should be tested and monitored are:

Good

. . Good wetting properties
e Melting temperature close to tin/lead * L
solders (185 °C) o Adequate thermal conductivity and shelf

life stability

e Good mechanical strength (creep
strength-ultimate tensile strength)

e Good resistance of fatigue

o Relatively non-toxic
o Availability
e Low cost

electrical and thermal conductivity properties are also necessary since the solder alloy is commonly used as an
electrical contact as well as being the principle source of attachment for the microelectronic devices. An example of
this is seen in the popular controlled collapse chip connections where the solder alloy acts as the electrical connection,
a thermal via and the attachment for the device itself. The shelf life stability, mechanical strength and good
fatigue resistance are obvious characteristics that are crucial for producing a quality and durable product. High
on the list of requisite mechanical properties are good strength, ductility and fatigue resistance. Because conductivity
and joint strength depend on the significant extent of the area which contact between solder and component, the solder
must sufficiently wet the components to which it bonds. The lead-free solder must incorporate all of these
characteris[tig]s if it is used as a replacement since the leaded solders have already set the standards for strength and
longevity -1,

Experimental Procedures:

This part represents the experimental procedure and instruments that used to obtain the results of the present
investigations. The initial step begins with the preparation of five solder alloys, followed by systematic measurements
to recognize the mechanical, thermal and microstructural properties of the selected solder alloys. The melting point of
solders were analyzed using a Differential Scanning Calorimetry (DSC). Moreover, the practical methods and
instruments that used for tensile tests are explained.

Some lead-free eutectic alloys, Sn-Ag-Cu (SAC family), have been studied in this work. The composition and the
melting points of the selected solder alloys (A) Sn-3.5 wt% Ag, (B) Sn-3.5 wt% Ag-0.5 wt% Cu, (C) Sn-3.5 wt% Ag-
1.0 wt% Cu, (D) Sn-3.5 wt% Ag-1.5 wt% Cu and (E) Sn-3.5 wt% Ag-2.0 wt% Cu are shown in Table (3 - 1).These
compositions were prepared using pure Ag(99.99%),Cu(99.99%)
supplied from Yemen Standardization Metrology and Quality Control Organization (YSMO) and pure Sn(99.99%)
supplied from the scientific company of Yarmouk Company (YMK) Irbid, Jordan, these materials were weighed and
mixed accurately. The mixture was melted in the engineering materials laboratory at the industrial engineering
department - faculty of engineering - University of Jordan (JU) - Amman. the furnace used to melt the metals was
preheated to 150 °C. The metals were put in ceramic crucibles, melt inside the furnace at 250 °C and then left to cool
slowly to Room Temperature (R.T) in order to obtain samples containing the fully precipitated phases. The samples
have been annealed at 110 °C for 6 hour and then slowly cooled to R.T. This procedure allowed for a small amount of
grain stabilization to occur and allowed transformation to be nearly completed. This step was performed before the
structure examination, mechanical and thermal tests.

The samples were prepared from the cast ingots obtained and were rolled drawn into circular cross-section wires
of 0.08 mm diameter and 50 cm length and then cut into 5 cm length. The obtained samples were used in systematic
measurements to recognize the mechanical, thermal and microstructural properties of the selected solder alloys. The
melting temperatures of the solders were determined using a DSC. Moreover, we will explain the methods and
practical tools that have been used in the tensile tests.
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Table. (1). Chemical compositions and melting point of the tested lead-free solder alloys.

Symbol Compositions Melting point (°C)
A Sn-3.5wt% Ag 221.48 °C
B Sn-3.5wt% Ag-0.5wt% Cu 219.8 °C
C Sn-3.5wt% Ag-1.0wt% Cu 218.1 °C
D Sn-3.5wt% Ag-1.5wt% Cu 217.2 °C
E Sn-3.5wt% Ag-2.0wt% Cu 218 °C

Calorimetry is a primary technique for measuring the thermal properties of materials to establish a connection
between temperature and specific physical properties of substances and is the only method for direct determination of
the enthalpy associated with the process of interest. Calorimeters are used frequently in chemistry , biochemistry, cell
biology, biotechnology, pharmacology and recently, in nanoscience to measure thermodynamic properties of the
biomolecules and nano-sized materials.

DSC is a thermal analysis apparatus measuring the changing of physical properties of a sample, along with
temperature against time. In other words, the device is a thermal analysis instrument that determines the temperature
and heat flow associated with material transitions as a function of time and temperature. During a change in
temperature, DSC measures a heat quantity, which is radiated or absorbed excessively by the sample on the basis of a
temperature difference between the sample and the reference material. Heat flux of DSC for sample in enclosed pan
(N2) and an empty reference pan (N1) are placed on a thermoelectric disk surrounded by a furnace as shown in figures
(1). The furnace is heated at a linear heating rate and the heat is transferred to the sample and reference pan through
the thermoelectric disk. However, owing to the heat capacity of the sample, there would be a temperature difference
between the sample and reference pans which is measured by area thermocouples. DSC is a thermal analysis
technique in which the difference in the amount of heat required to increase the temperature of a sample and reference
is measured as a function of temperature. Both the sample and reference are maintained at nearly the same temperature
throughout the experiment. Generally, the temperature program for a DSC analysis is designed such that the sample
holder temperature increases linearly as a function of time [, The reference sample should have a well-defined heat
capacity over the range of temperatures to be scanned. The basic principle underlying this technique is that when the
sample undergoes a physical transformation such as phase transitions, more or less heat will need to flow to it than the
reference to maintain both at the same temperature. Whether less or more heat must flow to the sample depends on
whether the process is exothermic or endothermic. For example, as a solid sample melts to a liquid, it will require
more heat flowing to the sample to increase its temperature at the same rate as the reference “>*4. This is due to the
absorption of heat by the sample as it undergoes the endothermic phase transition from solid to liquid. Likewise, as the
sample undergoes exothermic processes such as crystallization less heat is required to raise the sample temperature.
By observing the difference in heat flow between the sample and reference, DSC are able to measure the amount of
heat absorbed or released during such transitions. DSC may also be used to observe more subtle physical changes,
such as glass transitions. It is widely used in industrial settings as a quality control instrument due to its applicability
in evaluating sample purity and for studying polymer curing [¢71,
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Fig. (1). Diagram of DSC device.

This analysis has been carried out in materials science laboratory at the physics department - faculty of science -
University of Jordan — Amman. Small samples from each alloy, less than 15 mg was placed in high-purity aluminum
pans (N2), then closed by a custom. The sample pans and an empty high-purity aluminum pans (Ni) are placed in
protective atmosphere. In the present work, the Melting Temperature (Tr) of the five solder alloys were estimated with
DSC brand (NETZSCH-DSC 200 F3). The samples were initially scanned from 20 to 300 °C at heating rate of 10.0
(°C/min) in order to analyze the thermal properties of investigated samples. Pure Sn was used as a standard material.
In addition, for each DSC curve, its area under the curve was integrated with available software to calculate the fusion
heat of each solder alloy.

1:Preparation of Metallographic Samples
1-1:Mechanical Polishing

For producing a surface which is scratching free and surface like mirror, mechanical polishing was used often
done in two stages, with a coarse stage and a fine abrasive or polishing agents, respectively.

1-2:Chemical Etching

Specimen should be washed free of any adhering polishing compound and then rubbed from the sides of the
specimen with cotton, keeping the polished face clean. Even now the specimen may be slightly greasy, the best way to
remove grease is immersion wire samples with ethanol C,HsOH for about two minutes. The specimens has been
removed from the ethanol C,HsOH and immersion in running water before being etched.

For the observation of the interface microstructure the solder joints were etched slightly by using 5% HCI — 95%
C2HsOH solutions for 5-10 seconds after mechanical cutting and polishing. the solders on substrates were etched
deeply by using 10% HCI — 90% C;HsOH solution for 5-10 seconds followed by etching by 10% HNO; — 90%
C>HsOH solution for 5-10 seconds.

2:Tensile Testing Procedure

Tensile stress —strain and compressive creep tests have been performed on all samples at different temperatures
from 40 to 100 °C and two different loads of 9.8 and 11.76 MPa, using a horizontal tensile technique. A schematic
drawn of apparatus is shown in figure (2) and figure (3), which is essentially the same as that described, by
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compressive creep test apparatus. This system consists of four parts: (i) uniform hot zone (furnace), (ii) specimen
zone, (iii) gauge length, (iv) loading weight (that the load is applied axially to the specimen). The sample was placed
between fixed and mobile arm inside the furnace, the load was put on the lever arm and appropriate temperature was
setting. The sample has been subjected to a horizontal elongation which is recorded by gauge length and the time is
determined by digital clock stopped. All the components of the stress-strain machine has been designed in materials
science laboratory at the physics department of the faculty of science - Sana'a University - Yemen and constructed
especially to be more suitable for soft alloys measurements.

1.6 mm

0.8 mm s .

Elongation

Zone

th
=
W
(=]

10 mm

Fig. (2). Diagram of a specimen geometry.
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Fig. (3). Diagram of horizontal creep testing machine.

Results and Discussion:

This study discussed and compared the results of thermal analysis of the five solder alloys as a function of Cu-
containing. Thermal analysis includes discussion of DSC curve, estimating the melting point, comparing the results of
selected alloys and other alloys, measuring the pasty range and calculating the heat of fusion for tested solder alloys is
also represented in this chapter. Typical creep curves from A to E alloys are presented and of the isothermal tensile
creep characteristic are discussed for the solder alloys as function of strain rate and testing temperature.

1:Thermal Properties

The fundamental thermal behaviors of eutectic solder alloys A and from B to E alloys were analyzed using DSC.
The result of the analysis are shown in figures (4 a, b, ¢, d and e). The melting point of the alloy was determined from
the heating portion of the DSC cycle, using the following convention. First, a “‘baseline’” was constructed under the
transformation peak. Then, a second line was constructed at the inflection point of the leading edge of the
transformation peak, having the same slope as that of the trace at the inflection point. The melting point was
designated by the intersection between the latter line and the baseline as shown in figure (5). Because the objective of
the present study required that a large number of alloy variations be explored, the exact determination of the melting
point was omitted in favor of a qualitative assessment based upon the shape and width of the transformation [&-101
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Fig. (4a). DSC thermogram of the A solder.
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Fig. (4b). DSC thermogram of the B solder.
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Fig. (4c). DSC thermogram of the C solder.
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Fig. (4d). DSC thermogram of the C solder.
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and heat of fusion (4 H) for the various solder alloys.

Compositions Tonset Tend Pasty Range M_(i_ltldr]g_]ernt Heat of Fusion
0 | (O (°C) oy AH (J/g)
A 219.9 | 2298 9.9 221.48 195.69
B 217.2 226.4 9.2 2198 193.73
C 217.0 | 226.0 9 218.1 200.41
D 216.7 | 2245 7.8 217.2 344.10
E 216.6 | 225.0 8.4 218 417.14

The DSC results are summarized in table (2). As a small amount of Cu element was added, the eutectic melting
point of A changes significantly. The melting point alloy 219.8, 218.1, 217.2 and 218 °C from the B to E respectively,
as compared with 221.48 °C for A eutectic alloy.

With the addition of small amount of Cu element, melting point of A changed only slightly. The eutectic
temperatures were 219.8, 218.1, 217.2 and 218 °C for the B, C, D and E respectively, as compared with 221.48 °C for
A eutectic alloy. On the other hand, the eutectic Sn—3.5Ag alloy (B-E) exhibited additional change in the liquidus
(Tonset) and solidus (Teng) temperatures. The (Tonset) and (Teng) decreased in these ternary alloys, as can be seen from
table (2).

The pasty range value, which is the difference between the (Teng) and (Tonset) temperatures is very important in
electronic soldering and other industrial applications. We found that the measured pasty range (Tend — Tonser) decreased
from 9.2°C to 8.4°C which is lower than 9.9 °C for A eutectic.

The heat of fusion (4H) can be determined by the following equation:
AH = KHAH / mH B (1)

where (Ky) is a constant with the value of 2.64 for pure tin, (mu) is the mass of the sample and (Aw) is the area under
the endothermic peak [*°l. The values of 4H obtained for different solders are 193.73, 200.412, 344.1, 417.143 and
195.69 J/g for the A eutectic, B, C, D and E alloys, respectively, showing that less energy is necessary to be consumed
for melting the solder alloys. It is obvious that the fusion heat of E is larger than that of the Composition A eutectic,
where as B the present ternary solder alloys exhibits the lowest one, which indicates that the A and B alloys are
considered as the most beneficial material for saving energy.
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2: Mechanical Properties

2-1:Comparative Strain-Time Curves

The strain behavior of A to E alloys under different stresses and temperatures has been carried out by plotting
strain with time at (i) different temperatures and constant load of 9.8 and 11.76 MPa and (ii) different loads and
constant temperature 40 °C, 70 °C and 100 °C as shown in figures (6 a, b, c, d, e and f) and table (3).

All carves in figures (6 a-f) show three stags, primary stage, secondary stage and tertiary stage. The primary
region is characterized by transient creep with decreasing creep rate,

¢ =A(%)melwr. @)

Clearly this elongation increases with stress and temperature [-2°1. On the other hand, elongation increased with
the addition of small amount of Cu element and increasing temperature and loads, as shown in figures (6 a, b, ¢, d, e
and f) and table (3).

22—

114 9.8Mpa 11 4 9.8Mpa
—m—Sn-3.5Ag —=—Sn-3.5Ag
10 —8—Sn-3.5Ag-0.5Cu 10 4 ——Sn-3.5Ag-0.5Cu ||
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(421 (2]
1 1
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1 1
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Fig. (6). Strain-Time curves for solder alloys at temperature

40,70,100°C and stress 9.8, 11.76 MPa.
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Compositions

Elongation %

Temp
. 9.8 MPa 11.76 MPa
(°C)
40 1.99 2.56
A
70 3.72 3.4
100 12.24 21.25
40 0.63 0.83
B 70 1.29 2.1
100 4.9 10.9
40 11 2.08
C 70 3.75 4.4
7.07
100 7.74 fracture
composition
40 1.35 0.93
D 70 1.94 3.65
100 10.35 323
40 2.94 1.3
E 70 2.87 3.9
100 14.25 31.9

Table. (3). The elongation % at
different temperatures form 40,70
and 100 °C and at stress of 9.8 and

11.76 MPa.

2-2: Comparative Steady-State
Creep Curves

The study of the creep behavior of
solder joints will be more representative, as
it mimics the practical service conditions. It
is well established that during soldering, the
dissolution of the substrate into the solder
and the solder consumption resulted by the
diffusion of the solder alloy constitutions
into the interface and substrate can
influence the microstructure of the solder,
which in turn will affect the property of the
material 16291,

Typical creep curves of the Sn-Ag-Cu
alloys are presented as shown in figures (7
a, b and c). The materials showed
characteristics of the secondary creep stage
immediately after load were applied with
short primary creep stage. It appears that
the hardening of the matrix with the creep
strain was recovered immediately because
of the high temperature and different loads.
Effects of Cu additions on the creep curves
are presented.

The creep results showed that Sn-Ag-
Cu solders which containing a small
amount of Cu element exhibited
significantly improved creep resistance and
creep time to failure. Figures (7 a-c) show
the steady-state creep rates of A to D

solders. The improvement in creep resistance can be attributed to the presence of Cu which aids to resist the motion of
the dislocations. From figures (7 a-c), it was also noted that at the highest applied temperatures level of 100 °C and of
applied stress level of 9.8 and 11.76 MPa, the steady-state creep rate was observed to be higher as comparing that at
40 °C and 70 °C. Also (3) showed the stress exponent (n) and the strain rate sensitivity (m) of the monolithic and
composite solder joints under testing temperatures of 40 °C, 70°C and 100°C and applied stress of 9.8 and 11.76

MPa.
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Fig. (7 a). Steady-State creep rate as a function of Cu concentration

of the solder alloys subjected to 9.8 MPa and 11.76 MPa at 40 °C.
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Fig. (7 b). Steady-State creep rate as a function of Cu concentration

of the solder alloys subjected to 9.8 MPa and 11.76 MPa at 70 °C.
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Fig. (7 c). Steady-State creep rate as a function of Cu concentration

of the solder alloys subjected to 9.8 MPa and 11.76 MPa at 100 °C.

The results in general showed that the (n) values of composite solders were higher than that of the monolithic A
solder. This observation was particularly evident in the high stress regime as shown in figures (7 a, b and c), this
could be attributed to the effect of Cu addition in the solder matrix. Addition of Cu influenced the distance for which
dislocations glide between the reinforcements and also the forces that caused them to climb and by-pass the
reinforcements. This observation is consistent with those reported by investigators %21, working on tin-based solder
alloys from A to E. Such precipitation-strengthened alloys also have higher (n) values than those obtained in pure tin,
due to the presence of intermetallic second phases.

The (n) values decreased significantly with increasing applied stress and with increasing testing temperature.
This signified that the reinforcement strengthening effect was greater at lower testing temperature and high stress
regime. Furthermore, creep resistance was more evident at low testing temperatures.

Table (4) and figures (8 a-c) show the strain rate sensitivity (m) at different temperatures of the A eutectic, B, C,
D and E alloys.
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Table. (4). The stress exponent (n) strain rate sensitivities (m) of solder alloys.

n m
Compositions

40 70 100 40 70 100

Q) C) °C) °C) C) C)

A 2.21 1.79 1.3 0.45 0.56 0.77

B 2.45 2.38 1.58 0.41 0.42 0.63

C 2.06 191 1.36 0.49 0.52 0.74

D 2.54 2.06 1.12 0.39 0.49 0.89

E 2.48 1.96 0.95 0.40 0.51 1.05
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Fig. (8 a). The strain rate sensitivity (m) as a function of Cu concentration for A to E solder alloys at
40 °C.
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Fig. (8 b). The strain rate sensitivity (m) as a function of Cu concentration for A to E solder alloys at
70 °C.
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Fig. (8 c). The strain rate sensitivity (m) as a of Cu concentration for A - E solder alloys at 100 °C.

2-3 : Activation Energy of Lead-Free Solder Alloys
Activation energy of creep is described as the energy barrier that is needed for an atom to move from a high
energy location to a lower energy location. The activation energies (Q) of creep at the stress regimes were determined

by Eq:

dln¢

Q =R [6(1/'1‘) pu (3)

figure (9 a, b, ¢, d, e) shows the computation of creep activation energy values of the monolithic Sn-Ag-Cu solder
joints under different stresses. With the addition of small amount of Cu element, the activation energies changed
clearly, decreased for A, B alloys and increased for C,D alloys. Also It was observed that the activation energies were
stress dependent for each solder system 9.8 MPa, 11.76 MPa. This higher activation energy values for Sn-3.5Ag1.5Cu
wt% at 11.76 MPa is consistent with its greater creep resistance, when compared to Sn-Ag-Cu alloys, and higher
activation energy values for Sn-3.5Ag2.0Cu at 9.8 MPa, when compared to Sn-Ag-Cu alloys as shown in table (5). In
essence, the results revealed that the addition of reinforcement in Cu improves the creep resistance of the Sn-Ag-Cu
alloys, the improvement in creep resistance can be attributed to the presence of Cu which aid to resist the motion of
the dislocations 241,

In light of earlier established results, the creep results of the present study further demonstrated that composite
technology in electronic solders can lead to simultaneous improvement in: (i) thermal performance (in terms of lower
melting point and melting temperature) and (ii) mechanical performance (tensile, elongation and creep properties).
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Fig. (8). Creep activation energy (Q), A to E solder
joints under different stresses.

Table. (5). Activation energy of soldering alloys at load 9.8, 11.76 MPa.

. Load Activation Energies (Q)
Composition (MPa) (KJ/mol)
9.8 31.21
A
11.76 37.86
9.8 17.78
B
11.76 49.09
9.8 11.25
C
11.76 43.40
9.8 37.28
D
11.76 73.04
9.8 39.66
E
11.76 62.96
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Conclusions:
The effect of separate and dual additions of small amount of Cu on the structure and mechanical properties as
well as thermal behavior of the A eutectic solder alloy has been investigated . The results are summarized as follows:

1. The addition of copper, has been decrease the melting temperature, melting point and solidus temperature
besides broadening the pasty range and increasing heat of fusion. These characteristics is very important in
electronic soldering and other industrial applications.

2. For all tested SAC family alloys, the elongation increased with increasing temperature, an load and also by
adding Cu. The ductility changes were generally large for C and D lead-free solder.

3. The creep results showed that Sn-Ag solders which containing Cu exhibited significant improvement in creep
resistance and increased creep time to failure. the improvement in creep resistance can be attributed to the
addition of Cu which aid to resist the motion of dislocations.

4. The strain rate sensitivities at different temperature of the A eutectic and other alloys were different. The (m)
value is remarkably larger for E then the other lead-free solder alloys at 100 °C and A eutectic at 70°C and C
at 40 °C.

5. The range of activation energy values of A eutectic was found to be comparable to that of monolithic SAC.
However at different system loads from 9.8 to 11.76 MPa, the range of activation energy values different
accordingly.

6. The SAC lead-free solder proved to be promising in that it gave good combination specifications than the
other four alloys, the best alloys which contain from 0.5 to 1.0 wt% Cu which was possible due to the
formation of hard, soft AgsSn and CusSns precipitates.
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