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Abstract. For the first time, the structural and electrical properties of Pb-Al-Sn composite system for constant tin concentrations
were investigated in this work. The electrical conductivity of the samples depending on temperature was measured by four-point
probe, and it was found that the conductivity decreases almost linearly with the temperature. The structural properties of the
samples were determined by Scanning Electron Microscope (SEM), X-ray diffraction (XRD) and Energy Dispersive X-ray
Analysis (EDX). The SEM micrographs of the samples illustrated smooth surfaces with a clear grain boundary. The crystal
structure of the samples was indexed in face-centered cubic (fcc) by using XRD data. The cell parameters and the grain sizes
were determined from the XRD patterns. In addition, the temperature coefficients of electrical resistivities were obtained

determined, which were independent of the compositions of the composite system.
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1. INTRODUCTION

We found a significant amount of research in the literature dedicated to the application areas of
Al-Sn, Pb-Sn and Al-Pb binary metallic alloys but clear and authentic information about the uses of Pb-
Al-Sn composite system is not yet available. AI-Pb and Al-Sn are Al-based alloys, known for their wide
use in sliding bearing applications, good load carrying capacity, fatigue resistance, and wear resistance
sliding properties. As compared to other bearing alloys, Al-Pb alloys are used because they possess
superior qualities, such as superior friction properties, low cost of production, high thermal conductivity
and high corrosion resistance [1-3]. Lead is soft and much cheaper and more freely available than tin. The
common use of Pb-Sn alloys can be seen in the production of positive and negative grids, connectors, and
in post and strap components in both VRLA (valve regulated lead acid) and SLI (starting, lighting and

ignition) batteries which have wide applications in automotive and telecommunication industries [4-6].
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So far, the crystal lattice parameters and crystal structure have been determined using X-ray
scattering studies with different methods [7-15] for various systems. In addition, the grain sizes of the
samples were obtained by evaluating the peaks [9, 16]. For the first time, the temperature dependences of
electrical properties, grain size, the crystal structure and lattice parameters of Pb-Al-Sn composite system
(Pb-39 wt. % AI-20 wt. % Sn, Pb-38 wt. % Al-20 wt. % Sn, Pb-37 wt. % Al-20 wt. % Sn, and for Pb-36
wt. % Al-20 wt. % Sn) were examined in this study. The XRD, SEM and EDX methods were utilized to
determine the microstructure properties. SEM micrographs were used in order to analyze the

microstructure of the alloys. Finally, the temperature coefficients of resistivity were determined.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation

The details of the apparatus which was used to prepare the Pb-Al-Sn composite system samples
are given in the refs [17-19]. A specially designed graphite crucible was used to obtain the samples, The
Pb-Al-Sn composite samples (for constant tin concentrations: Pb-39 wt. % Al-20 wt. % Sn, Pb-38 wt. %
Al-20 wt. % Sn, Pb-37 wt. % Al-20 wt. % Sn, and Pb-36 wt. % Al-20 wt. % Sn) were prepared from
99.99 % pure Al, Pb and Sn. First of all, sufficient amounts of the pure materials were chemically
cleaned, dried, weighed and then dissolved in a vacuum furnace. Later, after many stirrings, the molten
metal was poured into a graphite crucible (30 mm diameter) held in a specially constructed casting
furnace. Finally, solidification of the composite system was carried out directionally from bottom to top

so that the crucible was completely filled and could be taken out afterwards.

2.2. Structural Property Measurements

The SEM and EDX measurements were conducted after the samples obtained were ground and
polished using standard techniques. The characterization of the microstructures of the samples was
performed by an LED 440 SEM equipped with an EDX spectrometer along with a computer-controlled
image analyzer. A backscatter detector was used to take SEM micrographs from the best contrast between
the existing phases. After going through each electrical measurement, the EDX spectrometer was used to
determine the chemical compositions of the samples under investigation with a possible error of up to 1%.

The crystal structure and lattice parameters were determined by using a computer-interfaced

Bruker AXS D8 advanced diffractometer, operated in a Bragg-Brentano geometry (Cuk, A: 1.54059 A,

graphite monochromator, 40 kV and 40 mA) over an angular range of 10° <260 < 90°. This was used to
record the XRD data of the samples of Pb-Al-Sn composite systems. The diffractometer had a divergence
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and a receiving slit of Imm and 0.1 mm, respectively. The diffraction patterns were scanned in 0.002° (26)
steps and the diffracted beams were counted with a Nal (Tl) scintillation detector. The XRD patterns
measured were thus quickly and easily compared with the reference data by using the DiffracPlus EVA
and Winlndex softwares. The indexing of the XRD patterns of the samples was carried out by
DICVOL91 computer program.

The grain size of the samples was also calculated from the higher intensity peaks of the XRD
pattern (111), (200), (222), (331) using the Scherrer formula with the help of the DiffracPlus EVA and

TOPAS 2 computer programs. The values of the grain sizes were determined by using the Scherrer

equation
. BA )
S cosO

Where t is the grain size, B is a constant which is taken as 0.9, A is the X-ray wavelength used, P is the

angular line width at half-maximum intensity in radians and 0 is the Bragg angle [20].

2.3. Electrical Measurements

The four-point probe method was used in order to measure the electrical conductivity of the
samples. The use of the four-point probe measurement technique eliminated the measurement errors due
to probe resistance, the spreading resistance under each probe, and the contact resistances between each
metal probe and material [21].

For online data acquisition and processing, the measuring unit was interfaced with a PC. A
constant current was provided by a Keithley 2400 sourcemeter and a Keithley 2700 multimeter with a
7700 mutiplexer data logger card was used to detect the potential drop, current and temperature of the
sample. Pt wires with a 0.5mm diameter were used as current and potential probes. The standard
conversion method [17-19] was used for the calculation of electrical conductivity from the detected
current and voltage drop. A controllable Nabertherm furnace was used to adjust the temperature of the
sample. The temperature of the samples was also measured using a 0.5 mm standard K type thermocouple
which was placed very close to the sample. To carry out the electrical measurements, the sample was cut
transversely into ~ 3-5 mm long sections and these specimens were ground with 180-2400 grid SiC paper
before mounting. Temperature range from room temperature to just above melting point was observed in

the measurements of the circular-shaped samples with a typical 12.5 mm diameter.
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In addition, the temperature coefficient of resistivity (TCR) of the Pb-Al-Sn composite systems
was also estimated by using the electrical resistivity results between 30° — 180° C by using the following
equation:

~(HEry s yle
@, =G =G @)

1

where a,, is the TCR in the temperature between AT=T,-T; and Ap=p,-p;, p: is the resistivity at T; and p,

is the resistivity at T».
3. RESULTS AND DISCUSSION

SEM micrographs were used to obtain the microstructures of the samples. As shown in Figure
la, the pure Pb and the Pb-Al-Sn composite system have a polycrystalline structure and no impurities,
porosities, cracks, holes or structural defects are not found on the SEM images. Significant and similar
characteristics in terms of the surfaces, morphologies and grain structure of the samples were found. As
shown in Figure 1b, the results of the EDX analysis illustrate a typical EDX pattern and account for the
relative analysis of the samples. In the results of the EDX analysis the Al, Pb an Sn peaks were clearly
seen and the composition had similarities with those taken after the electrical measurements. The
quantitative chemical composition EDX analysis of various selected regions in the solid phase of the Pb-
38 wt. % Al-20 wt. % Sn sample was also done and is given in Figure 2. The Al-rich, Sn-rich and Pb-rich
phases were obtained and are clearly seen in Figure 2. The same phases were also detected from the other
composite system samples.

The measured XRD patterns of the Pb-Al-Sn system after the solidification reactions for the Pb
side are seen in Figure 3. The figure shows that the XRD spectrums of the lead-rich samples are very
similar to the XRD patterns of the pure lead substance. The crystal structures and symmetry type of the
samples were indexed in face-central cubic (fcc). However, very small shifts of the peak positions
depending on composition were detected, which resulted in cell parameter changes. The calculated unit
cell parameters were a= 4.909 A for Pb-39 wt. % Al-20 wt. % Sn, a=4.927 A for Pb-38 wt. % Al-20 wt.
% Sn, a=4.931 A for Pb-37 wt. % Al-20 wt. % Sn, a= 4.932 A for Pb-36 wt. % Al-20 wt. % Sn and
a=4.945 A for pure Pb.
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Fig.1a. The SEM images for the pure Pb and the rich Pb part of Pb-Al-Sn composite system, grey phase (Sn-rich phase), White
phase (Pb-rich phase), dark phase (Al-rich phase)
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Fig.1b. The chemical compositions analysis of the pure Pb and the Pb-Al-Sn composite system for the rich Pb part by using EDX.

55

Energy (keV)

Energy (keV)



C. ALPER BILLUR, B. SAATCI, M. ARI and A. T. ALTINCI

Region: Dark  Phase

Elmt. wt. % at. %
Al 9746  99.66
Pb 2.54 0.34
Total 100.00  100.00

IEnergy Y]

Counts
Region: G Ph
00 egion rey ase
] Al
3 Elmt. wt. % at. %
; 2uau—f Al 1.12 4.78
- 2T B e L ] Sn 96.83  94.08
ol R o9 1 Sn-richphase - ] Pb 2.05 1.14
; 7 % sa e T A" e " ol 100.00 10000
= hase £ B - . b gy Ph Pb
: - - . ® ] b
I R 5 Sl L DR S e Ay B . E!!L'—J S, EN—— '.Jhlphb. A P LEnenygen)
4.00 0 Detector = QBSD i] ] 10 18
Counis—:
100003
8000—5 . Region: White Phase
E Elmt. wt.%  at. %
800
] Sn 4.00 6.78
P Pb 96.00 93.22
F Total 100.00 100.00
20004 B
-H . P EE Pb
(e L“‘“' e .Pblf\. iy .Pbl et ENEIGY 1)
i] 5 10 15

Fig.2. The chemical composition analysis of the Pb-Al-Sn composite system by using SEM, EDX, grey Phase (Sn-rich phase),
dark Phase (Al-rich phase) and white phase (Pb-rich phase) for the Pb-20 wt. % Sn-38 wt. % Al
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Fig.3. The measured XRD patterns for lead-weighted side of the Pb-Al-Sn composite system (a) pure Pb (b) Pb- 36 wt. % Al -20
wt. % Sn, (c) Pb- 37 wt. % Al -20 wt. % Sn, (d) Pb-38 wt. % Al -20 wt. % Sn, (e) Pb- 39 wt. % Al -20 wt. % Sn.

The grain sizes of the samples were obtained between 66.75-92.15 nm. Also, the melting
temperatures were measured between 198.55-330.48 °C. The XRD patterns of Pb-Al-Sn composite
system were compared with other similar works [22-25]. The results are consistent with the results of Su

et al. [22], Meydaneri et al. [23] and Swanson and Tatge [25].
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The grain size of the samples was also calculated from the higher intensity peaks of the XRD
pattern (111), (200), (222), (331). The values of the grain sizes were between 66.75-92.15 nm and are
given in Table 1.

Additionally, the melting temperatures of the samples were precisely determined by using a DSC
apparatus, which is shown in Figure 4, and are given in Table 1. The electrical conductivity versus
temperature curves were plotted for the samples with constant tin concentration, obtained in the
temperature range between room temperature and melting point. Figure 5 shows the electrical
conductivity results for four composite system samples and the pure Pb sample. The samples for the
constant tin concentrations, and electrical conductivity were obtained between 1.20x10° (Qm)™'-6.25 x10°
(Qm)™"'. Conductivity decreases almost linearly with decreasing temperature which indicates that the
samples have a metallic type of conductivity. Figure 5 also shows the results of other studies [23, 24] and
indicates the consistency of all the results.

The TCR of the samples was calculated by using the electrical resistivity values which were in the
range of 3.15-4.60 x10°K"". The obtained results are consistent with the results of Raymond [26]. The

results of all deduced physical quantities are given in Table 1.
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Fig4. Heat flow curve versus the temperature for Pb-Al-Sn composite system.
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Fig. 5. Electrical resistivity of the pure Pb and the Pb-Al-Sn composite systems versus temperature for constant tin concentration.
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Table 1. Electrical resistivity and temperature coefficient of resistivity at 310 K and 440 K for the Pb-Al-Sn composite systems.

Samples Melting Unit cell parameters ~ Grain Size Electrical conductivity & Temperature coefficient of resistivity,
temperature 0 (nm) (10°Q'm™) o (107 K™
O a(4) T=310K T=440 K AT=310 K -440 K
Pb-39 wt. % Al-20 wt. % Sn 222.04 4.909 92.15 3.11 2.09 3.73
Pb-38 wt. % Al-20 wt. % Sn 220.28 4.927 80.33 3.79 2.37 4.60
Pb-37 wt. % Al-20 wt. % Sn 198.55 4931 70.50 5.05 3.59 3.15
Pb-36 wt. % Al-20 wt. % Sn 225.80 4.932 70.00 6.25 425 3.61
Pure Pb 33048 4.945 66.75 2.50 1.20 -4.00
4.95060[24]
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