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Abstract

The effect of calcium additions on the structure and physical properties of melt-spun process Sn-38Pb-6Sb alloys have
been experimentally investigated at a solidification rate of ~10° K/s. Structure, internal friction, elastic moduli,
microhardness and electrical resistivity of the Sn-38%Pb , Sn-38%Pb -6%Sb , Sn-38%Pb -6%Sb-0.5%Ca , Sn-38%Pb -
6%Sb -1%Ca , Sn-38%Pb -6%Sb -1.5%Ca , Sn-38%Pb -6%Sb -2%Ca , Sn-38%Pb -6%Sb -2.5%Ca (in wt%) rapidly
solidified alloys are investigated. The results showed that the mechanical and electrical properties values are enhanced
for ternary Sn-38%Pb -6%Sb alloy. The examined mechanical and electrical conductivity decreased by addition of calcium
content in the studied alloys. It also leads to with increasing Ca content the SnSb inter-metallic compound (IMC)
precipitates are increased in the Sn matrix. The results were explained in terms of the dislocation theory, effect of
quenching rate on the produced density fluctuations in composition and the modes of interaction of crystal lattice defects.
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1. Introduction

We intend to complete previous work by Kamal et al [1]. The high cooling rate in the melt-spinning technique makes the
time necessary for diffusion insufficient to yield a solid alloy that is homogeneous in composition. In other words,
solidification under non equilibrium conditions will yield an alloy with composition far from uniform [1]. The process of rapid
solidification leads to the formation of amorphous and fine microstructures [3], new intermediate phases [4] and
anomalous vacancy concentrations [5]. In Pb-Sn alloys directionally solidified in a positive thermal gradient, marco-
segregation along the length of the sample takes place [6]. Pb-Sn eutectic alloy was reported to show outstanding super
plasticity [7]. The addition of antimony to the solder Pb-Sn alloys gives the way to have a higher strength and lower
plasticity compared to the lead-tin alloys. Some investigations show that addition of other elements such as silver or
copper in certain industrial applications at certain level may be useful to produce alloys with desirable properties. It was
suggested that alloying additions may interface with nucleation event by changing the precipitate characteristics and/or
boundary properties [8]. The nucleation and growth of the solid during solidification of Pb and Pb-Sn alloys were examined
by electrical resistivity [9]. In failure mode analysis of tin—lead solders in electronics, it is often observed that a decrease in
solder joint strength is closely related to microstructure changes. Upon solidification of eutectic solder 63Sn37Pb, a two-
phase microstructure is developed, the morphology of which is dependent upon the rate of solidification [10]. The
microstructure changes at room temperature and it includes precipitation of tin colonies within the lead-rich phase as well
as an overall coarsening of lead-rich particles contained within the tin-rich matrix. A decrease in the strength of the solder
is observed with these microstructural changes [11], thereby counteracting improvements in the mechanical strength
realized through the finer morphology generated by faster cooling rates. The mechanical properties of many low melting
alloys change gradually with time at room temperature because of minute changes in structure. This aging at room
temperature is sometimes referred to as room temperature recrystallization or annealing. Aging sometimes has the effect
of increasing the hardness and strength of the alloy, but it can also have the opposite effect. For example, a chill-cast
quaternary eutectic of tin, bismuth, cadmium, and lead shows an increase in strength of about 34% after 16 weeks of
aging at room temperature [12]. Lead-antimony alloys exhibit the same age-hardening property. If heated above their solid
solubility temperature and then quenched, they show a marked increase in hardness on aging, the extent of which is
dependent on the amount of antimony present and the rate of cooling [13]. The present work aims to reveal some
properties of adding Ca to the ternary melt spun process of Sn-Pb-Sb alloys used for electro-winning circuit. These series
of alloys will be subjected to electrical and mechanical studies. Especially the mechanical studies will focus on properties

such as internal friction, elastic moduli and microhardness.
2. Experimental techniques
A. Alloy design and preparation

In the present work, lead alloys were prepared from high purity elements (99.99%). The calcium content added to the tin
base ternary Sn-38wt.%Pb-6 wt.%Sb alloy. The components were melted in an electric furnace at 800 K. Some of the
samples were prepared as ribbons by using the single roller type melt spinning technique, reported by Kamal et al. [2, 14,
15]. Melt spun ribbons were between 40 and 120 um thick and 6 mm wide. The Solidification front velocity in the ribbons
was estimated to be 30.4 ms™.

B. Structure, mechanical and electrical properties measurements

X-ray diffraction (XRD) analysis is carried out with a X-ray diffractometer (XRD, X' pert PRO, PANalytical using CuKa
target with secondary monochromator, in Central Metallurgical R and D institute, Technical Service Department, El-
Tebbin, Helwan, Cairo) was used to identify the structure of all produced alloys. The internal friction and the dynamic
Young’s modulus measurements were carried out with a modified dynamic resonance vibrator which vibrates electro-
dynamically [14]. Hardness measurements were conducted on both the rapidly solidified samples by using microhardness
tester, [Model FM.7 Future Tech. Corp. Tokyo Japan]. A load of 10 gm was applied for 5 s as indentation time, and the
VHN was given automatically by the system. Electrical resistivity measurements for the tested samples were made by
using the Kelvin Double-Bridge method in the temperature range from 290 to 380 K. The variation of temperature during
the resistance - temperature investigation, was carried out by using a step-down transformer connected to a constructed
temperature controller. The heating rate was kept constant during the investigation at 5 K min.

3. Results and discussions

3.1. X-ray diffraction analysis

Fig. 1 shows the produces x-ray diffraction pattern of Sn-38%Pb , Sn-38%Pb -6%Sb , Sn-38%Pb -6%Sb-0.5%Ca , Sn-
38%Pb -6%Sb -1%Ca , Sn-38%Pb -6%Sb -1.5%Ca , Sn-38%Pb -6%Sb -2%Ca , Sn-38%Pb -6%Sb -2.5%Ca (in wt%)
rapidly quenched from melt by melt spun process, the pattern shows the existence of three kinds of phases ,Pb-phase
with face centered cubic structure, Sn-phase with tetragonal structure and antimony tin phase with rhombohedral (hex.)
structure and appearance of SnSb intermetallic compound (IMC) increases with increasing calcium addition. The
calculated lattice parameter for 3-Sn is indicated in Table (1).
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Figure (1.a) X-ray diffraction pattern of Sn-38%Pb melt spun alloy
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Figure(1.b) X-ray diffraction pattern of Sn-38%Pb-6%Sb melt spun ribbon
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Figure (1.c) X-ray diffraction pattern of Sn-38%Pb-6%Sb-0.5%Camelt spun ribbon
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Figure (1.d) X-ray diffraction pattern of Sn-38%Pb-6%Sh
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Figure (1.e) X-ray diffraction pattern of Sn-38%Pb-6%Sb-1.5%Camelt spun ribbon
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Figure (1.f) X-ray diffraction pattern of Sn-38%Pb-6%Sb-2%Ca melt spun ribbon
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Figure (1.g) X-ray diffraction pattern of Sn-38%Pb-6%Sb-2.5%Camelt spun ribbon

Table 1: Lattice parameter of B-Sn for all melt spun ribbons

System a(A)

Sn-38%Pb 5.843
Sn-38%Pb-6%Sh 5.842
Sn-38%Pb-6%Sh-0.5%Ca 5.852
Sn-38%Pb-6%Shb-1%Ca 5.848
Sn-38%Pb-6%Sb-1.5%Ca 5.849
Sn-38%Pb-6%Sh-2%Ca 5.843
Sn-38%Pb-6%Sh-2.5%Ca 5.841

The number of atoms per unit cell in any metal crystal is partially dependent on its Bravais lattice. The number of atoms

per cell in a face centered lattice must be a multiple of 4. Turning to the crystal structure of compounds of unlike atoms, it

is find that the structure is built on the skeleton of a Bravais lattice, but that certain other rules must be obeyed, precisely

because these are unlike atoms present [16]. So the next step is to find the number of atoms per unit cell in lead —phase in
1.6602 3 A

the melt spun-ribbons. To find this number we use the following equation [0 = —V , where p =density

(gm/cms), Z A:sum of the atomic weights of the atoms in the unit cell and V is the volume of the unit cell (As). From

above equation we have Y A=pV/1.6602 and A = nM, Where n is the number of atoms per unit cell, A is the molecular
weight. When determined in this way, the number of atoms per cell is always an integer, within experimental error. In our
experimental work the melt spun ribbons of Sn-38%Pb , Sn-38%Pb -6%Sb , Sn-38%Pb -6%Sb-0.5%Ca , Sn-38%Pb -
6%Sb -1%Ca , Sn-38%Pb -6%Sb -1.5%Ca , Sn-38%Pb -6%Sb -2%Ca , Sn-38%Pb -6%Sb -2.5%Ca(in wt%) as indicated
in the table 2 , atoms are simply missing from a certain fraction of those lattice sites which they would be expected to
occupy , and the result is a non integral number of atoms per cell.
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Table 2: Number of atoms per unit cell for all melt-spun ribbons

System n (no of atoms/unit cell)
Pb-5wt%sn 3.685
Pb-5wt%Sn-2wt%Sh 2.958
Pb-5wt%Sn-2wt%Sh-0.5wt%Ca 2.860
Pb-5wt%Sn-2wt%Sh-1wt%Ca 3.700
Pb-5wt%Sn-2wt%Sh-1.5wt%Ca 2.820
Pb-5wt%Sn-2wt%Sh-2wt%Ca 3.11
Pb-5wt%Sn-2wt%Sh-2.5wt%Ca 3.56

3.2. The electrical properties of quenched ribbons:

Electrical resistivity is usually used in measuring the electrical conductivity of the alloys, and as a physical property of an
electronic packaging material, it also attracted more and more researchers attention. Anything which increases the
frequency of collisions of electrons with ions raises the resistivity, thermal vibration, foreign atoms in solid solution, and
plastic deformation of the lattice lower the conductivity. Thus itis found in this study that the electrical resistivity of the
studied melt-spun alloys increase with rise in temperature as indicated in figures(3)for , Sn-38%Pb -6%Sb-0.5%Ca , Sn-
38%Pb -6%Sb -1%Ca , Sn-38%Pb -6%Sb -1.5%Ca , Sn-38%Pb -6%Sb -2%Ca , Sn-38%Pb -6%Sb -2.5%Ca (in wt%).

0.00012 -
——55.5%Sn-38%Pb-6%Sb-05%Ca & 00001 -
—
*
= 55%5N-38%Pb-6%Sh-1%CA € 8E05 -
L]
£  6E-05 - o o
54.5%Sn-38%Pb-6%Sh-1.5%Ca £ — >
o
3 4E0S
—i—54%5n-38%Pb-6%Sh-2%Ca 3
& 2005
@
—=—=53.5%5n-38%Pb-6%Sh-2.5%Ca & 0 i
280 290 300 310 320 330 340 350 360 370 380 390 400
temperature(K)

Fig.3: Electrical resistivity versus temperature for all melt spun ribbons

The distortions produced by alloying elements are independent of the temperature. Their effects are additive to the effect
of thermal vibration. At higher temperatures the thermal disturbance of the lattice can be described in terms of quantized
elastic waves or phonons, and the increase in electrical resistivity can be visualized resulting from collisions between
electrons and phonons. The resistivity here is measured around room temperature so that the total resistivity pronounced
minima at composition of 2wt%Ca.This correspond to the formation of ordered alloys. Moreover, by addition of Ca to Sn-
Pb-Sb solid solution formation causes a pronounced decrease of electrical resistivity. In multiphase alloys the electrical
conductivity tends to change proportionally with composition between the electrical conductivity of the phases. Factors
affecting the collision processes or as it is usually called the problem of scattering ,such as static imperfections, lattice
vibrations, magnetic ions or by scattering by more than one mechanism operate at the same time, all reduce the electrical
conductivity of a metallic alloy , because these imperfections mean that there are irregularities in the electrical fields within
a metal. Irregularities reduce the mobility of an electron and finally the electrical conductivities [17]. Electrical conductivities
values are tabulated in table 3.
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Table 3: Electrical conductivity for all melt spun ribbons

System o (Qm)”
Sn-38wt%Pb 0.72
Sn-38wt%Pb-6wt%Shb 2.11
Sn-38wt%Pb-6wt%Sh-0.5wt%Ca 1.46
Sn-38wt%Pb-6wt%Sh-1wt%Ca 1.45
Sn-38wt%Pb-6wt%Sh-1.5wt%Ca 1.37
Sn-38wt%Pb-6wt%Sh-2wt%Ca 1.3
Sn-38wt%Pb-6wt%Sh-2.5wt%Ca 1.98

3.3. Heat conductivity

The thermal conductivity changes in approximately the same way as was developed for electrical conductivity of metals.
Whereas both processes are due to electron transport they rely on different aspects, namely flow of charge and flow of
energy .However, whereas in pure metals the heat conductivity was related to the electrical conductivity by the well-known
Widemann-Franz law [18-20] is given by

k il 2

_t — E = 245 X 10 EVzk 4 . The constant E is termed Lorenz number, and k is the thermal
a

conductivity. In metallic alloys the changes in electrical conductivity with composition do not follows the changes in
electrical conductivity according to this ratio, the changes being in the same direction but to a different degree. Some
investigations [21] have shown that there is a definite relationship between the electrical and thermal conductivity of
metallic alloys, although the Wiedeman-Franz ratio doesn’t hold .The relationship for thermal conductivity is that K
(thermal conductivity) = 5.02 oT x 10”° + 0.03 , where T; is the absolute temperature. A tabulation of the Pb-Sn-Sh-Ca melt
spun ribbons with their thermal conductivities is shown in table (4).

Table 4: Thermal conductivity for all melt spun ribbons

System K (wm™k™)
Sn-38wt%Pb 1.12
Sn-38wt%Pb-6wt%Sh 3.13
Sn-38wt%Pb-6wt%Sh-0.5wt%Ca 2.2
Sn-38wt%Pb-6wt%Sh-1wt%Ca 2.2
Sn-38wt%Pb-6wt%Sh-1.5wt%Ca 2.1
Sn-38wt%Pb-6wt%Sh-2wt%Ca 1.8
Sn-38wt%Pb-6wt%Sh-2.5wt%Ca 2.9

3.4. Thermal diffusivity
Using dynamic resonance technique and from the frequency )co, at Which peak damping occurs, the thermal diffusivity D

can be obtained from the Dyn=2t*fo/TL , where t, is the thickness of the melt-spun ribbon. For Sn-Pb-Sh-2wt%Ca quenched

ribbons, the thermal diffusivity is smaller than the other compositions as shown in table 5. Thermal diffusivity D is
transport coefficient which is related to microscopic transport of heat. A nonlinear decrease of thermal diffusivities with an
increase in calcium content is observed in all quenched ribbons.
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Table 5: Thermal diffusivity for all melt spun ribbons

System Din(m2.sec)X 10 -2
Sn-38%Pb 9.54
Sn-38wt%Pb-6wt%Sh 13.6
Sn-38wt%Pb-6wt%Sb-0.5wt%Ca 11.6
Sn-38wt%Pb-6wt%Sh-1wt%Ca 4.62
Sn-38wt%Pb-6wt%Sh-1.5wt%Ca 4.2
Sn-38wt%Pb-6wt%Sh-2wt%Ca 0.95
Sn-38wt%Pb-6wt%Sh-2.5wt%Ca 3.3

We assume this fact is caused by smaller aggregation of calcium particles. The aggregates could improve the heat
transport and improve thermal diffusivity. The value of thermal diffusivity of quenched ribbons controls the time rate of
temperature change as heat passes through quenched ribbons. So it is a measure of the rate at which a body with a non-
uniform temperature reaches a state of thermal equilibrium. The mathematical formula that relates thermal conductivity (k)

and temperature-dependent specific heat at constant pressure (heat capacity) is Dn— , where [ is the

Cpp

temperature-dependent density and Cpis the temperature-dependent specific heat at constant pressure [22], so that by
knowing the value of thermal conductivity as indicated in table (4), the specific heat Cp can be calculated as indicates in

the following table (6).

Table 6: Specific heat for all melt spun ribbons

System Colik* kg 10%
Sn-38%Pb 0.174
Sn-38wt%Pb-6wt%Sh 0.37
Sn-38wt%Pb-6wt%Sh-0.5wt%Ca 0.198
Sn-38wt%Pb-6wt%Sh-1wt%Ca 0.65
Sn-38wt%Pb-6wt%Sh-1.5wt%Ca 0.8
Sn-38wt%Pb-6wt%Sbh-2wt%Ca 3.4
Sn-38wt%Ph-6wt%Sh-2.5wt%Ca 1.8

3.5. Mechanical behavior for all quenched ribbons
3.5.1. Internal friction

The internal friction of the Pb-Sn-Sb-Ca melt spun ribbons is an important characteristics which are indirectly related to
their elastic properties .Solid objects have a characteristic of mechanical resonant frequencies (f) which are related to the
ribbons mass, dimension, and elastic properties. The vibration analyzed from the internal friction point of view (r), i.e., the
dissipation of vibration energy in the ribbon sample, or damping mechanical loss. Q™ deduced from the amplitude decay a
free vibration as shown in table 7. In general, the hysteretic rearrangement of microstructural features upon application of
a dynamic load causes internal friction. So the internal friction measurements have been quit beneficial and productive for
learning about the behavior of Sn-Pb-Sh-Ca quenched ribbons, where the internal friction is able to respond to small
changes in the mechanical state of quenched ribbons. It is found that the anelastic component (the time-dependent elastic
behavior) is small and negligible.
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Table 7: Internal friction for all melt spun ribbons

System Q"

Sn-38%Pb 0.088
Sn-38wt%Pb-6wt%Sh 0.081
Sn-38wt%Pb-6wt%Sh-0.5wt%Ca 0.096
Sn-38wt%Pb-6wt%Sh-1wt%Ca 0.134
Sn-38wt%Pb-6wt%Sh-1.5wt%Ca 0.113
Sn-38wt%Pb-6wt%Sh-2wt%Ca 0.164
Sn-38wt%Pb-6wt%Sh-2.5wt%Ca 0.116

3.5.2 Elastic moduli

Young's modulus is one of the important characteristics that reflect strongly the interaction and the bonding nature among
constituent atoms [23]. The elastic constants of the metallic alloys which were fundamental physical properties especially
for the mechanical properties such as strength, plastic deformation and fracture were reported previously using single
crystals [24]. A number of researchers have given the empirical relationships to relate shear modulus (G), bulk modulus
and the young's modulus (E) for various elements [25, 26]. Poisson's ratio, defined as the lateral contraction per unit
breadth divided the longitudinal extension per unit length in simple tension, is reported to provide more information about
the character of the bonding forces than any other elastic coefficients [27, 28].Poisson ratio (v) is related to young's
modulus (E), shear modulus (G) and bulk modulus by equations G = E/2(1+v). Figure (4) shows resonance curves for Sn-
38%Pb -6%Sb-0.5%Ca , Sn-38%Pb -6%Sb -1%Ca , Sn-38%Pb -6%Sb -1.5%Ca , Sn-38%Pb -6%Sb -2%Ca , Sn-38%Pb -
6%Sb -2.5%Ca (in wt%)melt spun alloys .

—#—155.5%5n-38%Pb-6%5b-0.5%Ca

55%5n-38%Pb-6%5Sb-1%Ca

——54.5%5n-38%Ph-6%Sh-1.5%Ca

i 54%5N-38%Ph-6%5Sh-2%Ca

Amplitude(Cm)
i

=te==53.5%5n-38%Ph-6%Sb-2.5%Ca

0 T T T T T T T T T T T T T T T T T T 1

2 4 6 & 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Frequency(Hz)

Fig.4: Resonance curves for all melt-spun ribbons

The magnitude of elastic constants defect-free metal alloys is only a function of the magnitude of the stiffness of the
atomic bonds. In real polycrystalline melt-spun alloys, other factors such as porosity, concentration of impurities,
intergranular phases and alloying elements may influence the magnitude of the elastic constants. The nominal elastic
modulus value for Sn and its alloys commonly is taken as 50 GPa but experimental values collected from literature for
pure tin and its alloys can vary between 16 55 GPa [29].The reasons for this wide variation in experimental value of elastic
modulus have been investigated in this study. The calculating values of young's modulus (E) using dynamic resonance
method of rapidly solidified alloy were studied. Values of elastic modulus E, bulk modulus B and shear modulus G are
listed in table 8.
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Table 8: Elastic moduli for all melt spun ribbons

System E (GPa) G (GPa) B (GPa) GIE
Sn-38%Pb 16.5 5.95 25.1 0.36
Sn-38wt%Pb-6wt%Sh 60.9 22 87.3 0.361
Sn-38wt%Pb-6wt%Sb-0.5wt%Ca 20.4 10.6 42.1 0.36
Sn-38wt%Pb-6wt%Sh-1wt%Ca 15.6 5.65 22.3 0.362
Sn-38wt%Pb-6Wt%Sb-1.5wt%Ca 12.5 4.5 17.8 0.36
Sn-38wt%Pb-6wt%Sh-2wt%Ca 4.3 1.56 6.14 0.363
Sn-38wt%Pb-6Wt%Sh-2.5wt%Ca 75 2.6 16.7 0.35

Clearly changing the calcium content leads to a marked decreasing in mechanical properties of Sn-Pb-Sb quenched
ribbons .One may conclude, the calcium content has a profound influence on the strength and stiffness of these quenched
ribbons from melt. It is also observed that in most quenched ribbons, that are in all composition G is about 0.35 E.

3.5.3. Hardness

It is obvious from the table (9) that the apparent hardness values dependent on calcium addition for all quenched ribbons.
The value of Hy is found to vary from 116 MPa to 178 MPa. But this variation is not linear in behavior. This type of
nonlinear behavior, it is known as indentation size effects (ISE). The ISE behavior can be explained qualitatively on the
basis of penetration depth of indenter [30, 31]. The increase of hardness number can be attributed to solid solution
hardening mechanism and refinement the crystalline size by addition of indium and cooling rate.

Table 9: Vickers hardness for all melt spun ribbons

System Hv (MPa)
Sn-38%Pb 116.0
Sn-38wt%Pb-6wt%Sh 161.8
Sn-38wt%Pb-6wt%Sb-0.5wt%Ca 127.0
Sn-38wt%Pb-6wt%Sb-1wt%Ca 167.0
Sn-38wt%Pb-6wt%Sb-1.5wt%Ca 133.0
Sn-38wt%Pb-6wt%Sb-2wt%Ca 147.4
Sn-38wt%Pb-6wt%Sh-2.5wt%Ca 178.0

Conclusions

Based on the experimental results of structural and physical analysis of quenched ribbons, the following conclusions can
be drawn:

1- It was conclude that the resistivity pronounced minima at composition of Pb-5wt% Sn-6wt%Sb. This also corresponds
to the formation of ordered quenched ribbons.

2- For ternary alloy containing antimony, Sn-38wt.%Pb-6wt.%Sb alloy it noticed that increase the electrical conductivity,
thermal conductivity, thermal diffusivity and mechanical properties.

3- We noticed that, calcium addition to ternary alloy minimize the thermal diffusivity, thermal conductivity, elastic modulus,
electrical conductivity except the Vickers hardness increase to maximum value at 2.5 wt.% Ca.

4- We recommend that ternary Sn-38wt.%Pb-6wt.%Sb alloy more suitable for electro-winning circuits and engineering
applications.
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