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ABSTRACT

The aim of this research was to improve physical properties of bismuth
based fusible alloys for different industrial applications. For this reason,
two groupsof fusible alloys, binary and ternary bismuth based fusible alloys,
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were prepared using melt spinning technique. Structure, electrical, mechanical Melting point;
and thermal properties of binary and ternary bismuth based fusible alloys Hardness;
were investigated to understand physical properties changing and thermal Melt spun;
behavior of binary and ternary bismuth based fusible alloys for improving Fusiblealloy.

their required properties for industrial applications. Thermal behavior and
physical properties of bismuth based fusible alloys changed correlated to
theformation of hexagonal Pb_Bi, intermetallic compound and solid solution

after rapid solidification. The Bi, Pb,.Cd,, .
point, 94°C. © 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Fusiblealloysare one such category of materials,
which haveattracted theattention of scientistsand tech-
nologistsall over theworld. Fusiblealoysareusualy
eutectic mixturesof bismuth, lead, tin and cadmium.
Becausefus blealoysexpand and pushinto mould de-
tall whenthey solidify, they areexce lent for duplication
and reproduction processes. Thischaracteristic of ex-
pansion and/or non-shrinkage, combined with low mdt-
ing temperature and ease of handling, are the major
reasonsfor their extensveuse. Alsorgpid solidification
hasbecomean important industrial processbecause of
itsability to produce materia swith nove properties. It
can be used to refine the microstructure, extend the

aloy has the lowest melting

solute solubility, suppressthemicro segregation and form
metastable phasesinthe solidified solid™. Microstruc-
ture electrica resistivity, hardness, creep indentation,
mechanica and thermd propertiesof Bi-Sn-Cd-Pband
Bi-Pb-Sn-Cd-Sb fusible alloyshave been studied and
andyzed?". Theresultsgave anindicator for themost
prominent alloysfor various applications such as sol -
der, bearing and shielding blockswhichusedinradio
therapy. Also the measured propertiesaregreatly af-
fected by rapid quenching preparation. Structure,
wettability, melting point, e ectrica and mechanica prop-
ertiesof Sn-Zn-Bi-Cu-In, Sn-In, Sn-InFAg, Sn-Zn-Ag-
In, Sn-Zn-In, Bi- Sn, Sn-Bi- Inand Sn-Ag lead free
solder alloyshave been investigated® . Theresults
show that, these alloys have required properties for
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solder applications. The Sn-3.5%Ag-1%Zn with su-
perior mechanical properties'“ and Sn-Zn-In based
dloyswithlower metingthat aresufficiently similar as
to serveasadrop-in replacement for the eutectic Pb-
Sn solder!*™. Theaim of present work isto understand
physical properties changing and thermal behavior of
binary and ternary bismuth based fusibledloysfor im-
proving their required propertiesfor industrid applica:
tions.

EXPERIMENTAL WORK

Inthiswork two groups of fusiblealloys, binary
and ternary bismuth based fusiblealloys, wereused as
seenin TABLE 1. Thesegroups’ alloys were molten in
themufflefurnace using high purity, morethan 99.95%,
bismuth, lead, tin, zinc and cadmium. Theresultingin-
gotswereturned and re-melted severd timestoincrease
the homogeneity of theingots. From theseingots, long
ribbons of about 3-5mmwidth and ~ 70 umthickness
were prepared asthetest samplesby directing astream
of moltendloy ontotheouter surfaceof rapidly revolv-
ing copper roller with surfacevelocity 31 m/sgivinga
coolingrateof 3.7 x 10°k/s. Thesamplesthen cutinto
convenient shapefor the measurements using double
knife cuter. Structure of used aloyswas performed us-
ing an Shimadzu X—ray Diffractometer (Dx—30, Japan)
of Cu—Ka radiation with A=1.54056 A at 45 kV and
35mA and Nifilter in the angular range 26 ranging
from 0to 100° in continuous mode with a scan speed 5
deg/min. Electrical resistivity of used alloyswas mea-
sured by aconventional double bridge method. The
melting endothermsof used dloyswereobtained usng
aSDT Q600 V20.9 Build 20 instrument. A digita
Vickersmicro-hardnesstester, (Model-FM-7- Japan),
was used to measure Vickers hardnessval ues of used
dloys. Internd friction Q* and the el astic constants of
used aloyswere determined using the dynamic reso-
nance method!*8):-

E vz _ 2nL%f,
p kz?

Where pisthe density of thesampleunder test, L isthe
length of thevibrated part of the sample, kistheradius
of gyration of cross section perpendicular toitsplane
of motion, f isthe resonance frequency and zisthe

congtant depends onthe mode of vibration and isequal
t0 1.8751. From the resonance frequency f, at which
the peak damping occurs, thetherma diffusivity, D,
can beobtained directly from thefoll owing equation:

Wheredisthethicknessof thesample.

Plotting theamplitude of vibration against thefre-
quency of vibration around the resonancef givesthe
resonancecurve, theinternd friction, Q*, of thesample
can be determined from thefollowing relationship:

Ql= o.5773$—f

0
Where Af isthe half width of theresonance curve

TABLE 1: Composition of melt spun alloysand weight per-
cent of each element

Composition Bi S Pb Cd
P Wt%  Wit% wit%  wt%
. BissPbys 75 0 25 0
First .
group Bigz5SN125 875 125 0 0
Bi87_5Cd12_5 875 0 O 125

Bi 62_5Pb25$|’112_5 62.5 125 25 0
BisSnpsClizs 75 125 0
BigysPbssClizs 625 O 25

Second
group

RESULTSAND DISCUSSION

X-ray diffraction analysis

X-ray diffraction patternsand itsanalysis, Figure
1a, of bismuth based binary melt spundloysshow that,
TheBi,, .Sn, . aloy consisted of rhombohedral bis-
muth phaseand|ittle of tetragonal tin phase, Bi,, .Cd,, .
aloy cons sted of rhombohedrd bismuth phaseandlittle
hexagonal cadmium phaseand Bi_.Pb,.dloy consisted
of rhombohedral bismuth phaseand hexagona Pb,Bi,
phase. Also x-ray diffraction patternsanditsanaysis,
Figure 1b, of bismuth based ternary melt spun alloys
show, that, Bi,, .Pb,. Sn,, . alloy consisted of rhombo-
hedra bismuth phasg, littletetragond tin phaseand hex-
agonal Pb_Bi, phase, Bi_.Sn,, .Cd,, . aloy consisted
of rhombohedra bismuth phaseand littletetragona tin
phaseand Bi , .Pb,.Cd,, . aloy consisted of rhombo-
hedral bismuth phase and little hexagonal cadmium

phase. The details of formed phases (intensity,
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Figurela: X-ray diffraction patternsof binary bismuth based alloys

broadness, position and Miller indices) areshownin  and unit cell volume of rhombohedral bismuth phase

Figure1(aand b). changed rd atedto dloysstructura, formed phases, after
TABLE 2 showsthe cdculated | attice parameters,  rapid cooling..

(g andc), and thg uni.t volume cell of rhombohedral Electrical properties

bi smuth phasg*® in binary and ternary bismuth based

melt spun aloys. Fromtheseresults, lattice parameters Ingenerd, theplastic deformation raisesthe el ec-

trical resistivity asaresult of theincreased number of
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Figurelb: X-ray diffraction patter nsof ter nary bismuth based alloys

el ectron scattering centers. Crystalinedefectsserveas  of cold working of ameta specimen. The scattering of
scattering center for conduction electronsinmetads, so e ectrons may be caused by severd typesof lattice de-
theincreaseintheir number raisestheimperfection. This  fects: by phonon scattering, by impuritiesand by me-
depends on temperature, composition and thedegree  chanica deformation. For thisreason, therate of rise
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TABLE 2: Latticeparameters, (aand c), and theunit volume
cell of rhombohedral bismuth phasein binary and ternary
melt spun alloys

Alloys amA c A  Unitcdl volumeA?
BixPby, 4745 11.864 70.68
BigzsSnios 475 11875 70.89
Big;5Cdio5 475 11875 70.89
BigyePbysSNyps 4747 11.877 70.50
Bi;sSn25Cds  4.748  11.872 70.73
BigysPbysCdins  4.740 11.846 70.48

of electrical resistivity of ametal with temperatureis
depedent of thesmall amount of aloying present and of
the state of deformation.
The measured electrical resgtivity valuesof binary
PP, Big, .Sn 87 5Cd andternary Bi_, Pb

25’ 8757 12, 5’ 12.5 625 725

5”12.5’ i..Sn,.Cd,, Bi,Pb,.Cd, meltspunal-
loysat roomtemperaturearellsted |nTABLE3. Itis

obviousthat, electrical resistivity valuesof melt spun

SO

—== Fyf] Paper

dloysarehighthanthesameconventiond dloys, that is
becausetherapid cooling, in fact, freezesthe vacan-
cies, whichareplentiful at high temperature, because
they arenot dlowed to have enough timeto move about
in the crystal and disappear at grain boundaries and
dislocations. These vacanciesact as scattering center
for conduction e ectrons, increasing their number, in-
creasingtheresgtivity vaue Alsoresdivity vauechange
from onealoyto other related toitsstructural change,
formed phases, asseenin x-ray analysis.

The variation of electrical resistivity of binary

PP, Big, .Sn 87 sCd,, s andternary Bi, Ph,,

25" —875 125’
Bi.Sn,, . Cd 625Pb .Cd,,. melt spun al-

San.S' . 125 125!
onSW|th temperaturelsshown inFigure?2. It canbe
seenthat the el ectrical resistivity increased with tem-
perature. Theincreas ng continuesuntil themelting point
isreached. Also temperature coefficient of resistivity
vauesfor melt spundloysislisedin TABLE 3.

Fromtheabovereaults, thedectrica resstivity and
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Figure?2: Electrical resistivity of melt spun alloysver sustemperature
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TABLE 3: Electrical resistivity and temper atur e coefficient
of resigtivity of melt spun bismuth based alloys

Alloys Resistivity x10°® T.CRX 107
Qm K

BizsPbys 1.7 +349.412 2.213
BigrsSN12s 4.2 +416.442 0.811
Big;sCd125 1.57+359.45 2.448
Bis25PD2sSNyz s 216.51+ 1.23 2.945
Biz5Sn125Cdyz s 345.6+ 2.38 5.159
Bis2sPD,sCd1z 5 438.94+ 1.25 3.627

temperature coefficient of resistivity valuesof binary
Pb,., Bi, .Sn B|875Cd125andternaryBi Pb

25’ 87.5 12.5? 62.5 25
son,, .Cd Pb,.Cd,, . melt spun al-

San.S’ 125 12,57 625 12.5 o
onsarelncreased withincress ng Bi contentinit. That
isbecause Bi isasemimeta . Also forming metastable
phase affectson scattering center for conduction elec-

tronschanging eectrica resstivity vaue.
Elasticmodulus
Theé astic congtants of solid areimportant for both

1.6

fundamenta and practicd reasons. Thedagtic constants
aredirectly related to atomic bonding and structure. It
isasorelated to theatomic density (atomic volume).
From apractical view point, theelastic constantsde-
scribethelinear response of amaterial to an applied
sress.

Vauesof bulk modulus, B, and shear modulus, ,
of binary Bi_.Pb,, Bi, .Sn B|87 5Cd125 andternary

25’ 875 125’
Pb, Sn. . Bi..Sn,, Cd Pb,.Cd,,_ melt

625 125’ 125 125’ 625

spunall oys areca cuI atedusing thestandard equations:

Q*'=o0. 5773A—f and Q'= 0.5773?—f
0
Wherev iSPOI SoN’s ratio?
After caculatingtheYoung’s modulus, E, using the
dynamicresonancemethodisshowninTABLE 4. Elas-
ticmodulusvaueof binary Bi_, .Cd, , .and Big, .Sn

87.5 125
is high compared than ternary Bi, Pb,. Sn,,,
melt spun. These

Bi_Sn,,.Cd,,.andBi, Pb, . Cd

125 125

elastlc val ueﬁ changed reI ated to aloys structural,
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Figure 3: Resonancecurvesof melt spun alloys
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TABLE 4: Elastic modului of binary and ter nary bismuth
based melt spun alloys

Alloys E (GPa) p (GPa) B (GPa)
BizsPbys 19.36+3 7.13 22.64
Bigz5SN1o5 35.73+2.57 134 35.87
BigzsCdi2s 31.67+1.25 11.94 30.38
Big2sPbsSn o5 21+1.54 7.71 26.23
BisSn;,sCdios 24.54+0.98 9.23 24.06
BigsPhsCdins  24.44+10.11 9.03 27.86

= Fyl] Peper
valueof bismuth based binary and ternary rapidly so-
lidified dloyswascal cul ated using the equation®”:-

1 1 2 1
tn = B {5 (1-29) + (1 + M0 + Wi}

Wherev isPoisson’s ratio of the elements in the alloy
andthenlistedin TABLEG.

TABLE 6: Vickershardnessand minimum shear stress of
melt spun alloys

TABLE5: Internal friction and thermal diffusivity of melt
spun alloys

Alloys Q1Y) 103 Dx10°® (m%sec)
BizsPhas 0.42+58.05 37
Big75S9N105 2.75+25.33 31.6
Big75Cdio5 5.73+81.03 38
Bis2sPosSni2 s 4.13+73.8 2.09
BizsSn;,5Cd105 2.1+36.52 27.68
Bigp5PbsCdios 4.15+73.9 4.4

formed phases, asseenin x-ray anaysis.
Internal friction and thermal diffusivity

Internd frictionisanenergy lossor dissipationina
stressed material not dueto external process. Internal
frictionisauseful tool for the study of the structural
aspects of fusiblealloys. Resonance curves of binary

Pb,., Bi, .Sn Bl87 sCd,, s andternary Big, ;Pb,,

25! 8757 125
Bi.Sn,, . Cd 625Pb Cd,,. melt spun al-

San.S' 125 12.5? 12.5
loysare shown inFigure 3 and the calcul ated internal
friction valuesare presented in TABLE 5. From reso-
nance frequency at which the peak damping occur us-
ingthedynamic resonance method thethermd diffusivity

vauecalculated and thenlistedin TABLES.
Vicker smicrohar dnessand minimum shear stress

Thehardnessistheproperty of materid, which gives
it theability to resist being permanently deformed when
aload is applied. The greater of the hardnessisthe
greatest of theresistanceto deformation. TheVickers
hardnessof binary Bi_.Pb,., Bi,, .S , ., B|87 .Cd,.and
ternary BiGZSPb 8”12.5' Bi_.Sn,, 5Cd125'

Bi,.Pb,.Cd . melt spunalloysat 10 gram forceand
indentation ti meSSecareshown inTABLEG. Vickers
hardnessvalue of melt spun dloysisaffected by struc-
tural change, formed phase such asintermetal lic com-

pound and solid sol ution. Theminimum shear stress(t )

Alloys Hy Kg\mm? n, Kg\mm?
BizsPbys 1.29:13.02 0.5:4.3
Bigz5SN125 1.97+15.28 0.98+5.04
BigrsCd12s 0.76+17.87 0.4+5.9
Bigo5PhosSNnso 5 1.89+6.57 0.9+2.17
Bi5SNn125Cd125 1.56+20.52 0.81+6.77
Big5PbsCdiss 0.46+6.98 0.23+2.3

Thermal properties

Therma analysisisoften used to study solid state
transformationsaswell assolid-liquid reactions. The
magnitudes of therma propertiesdepend onthenature
of solid phaseand onitstemperature.

Thedifferential scanning calorimetry (DSC) ther-
mographswereobtained by SDT Q600 (V20.9 Build
20) with heatingrate 10 °C/mininthetemperaturerange
0-400 °C. Figure4 showsthe DSC thermographsfor
thebinary Bi_.Pb,., Bi,, .Sh Bl87 .Cd, . andternary

257 87.5 12.5
Bi_, Pb, Sn.,., Bi_ Sn, .Cd Pb,,Cd,,  melt

1257 125 12. 5' 62 5
spundloys. From th@e graphsthe melting point of bi-
nary Bi_.Pb,, Bi,.Sn,., Bi,, 5Cd12 . and ternary

25 87.5 12.5’
Pb. Sn.,.,Bi.sn,.Cd, .. Bi_ Pb Cd_ melt

62 5 1257 12.5 62.5
spunal oys ae determl ned. From thesethermographs,
it’s obvious that, binary Bi Pb,, Bi.Sn, . and

Big,:Cd,,s melt spunalloysdi dnot haveas nglemelt-
ing point. That ismean that, these composition are not
the eutectic composition, thesealoyshaveamixture of
phases\with different melting point or one phasewith
forming a solid solution. Ternary Bi_, .Pb,. Sn,, .,
Bi,sSn,,:Cd,, s and Bi, ;Pb,Cd,, ; melt spun alloys
have asinglemelting point that ismean that, thesecom-

positions arethe eutectic composition.
CONCLUSION

1) X-ray diffraction patternsand itsanalysisfor bi-
nary and ternary melt spun aloys show that, these
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alloys consisted of two phases, Bi& Sn, Bi& Cd,
Bi& pb_Bi, or morewith forming solid solution.
These crystal structure phases, (shape, size and
position) isdependent onthealoy composition.

El ectricd restivity, mechanicd propertiesand ther-
mal behavior of melt soun bismuth based dloysaf-
fected by forming hexagond phb,Bi,, phaseand solid
solution.

After studying and analyzing physical propertiesof
melt spun bismuth based all oys, the next research
will concentrated on produce new fusibledloyswith
superior propertiesfor soldering and bearing by
adding different alloying e ementssuch assilver,
copper, zincand indiumwith reducinglead and cad-
mium.

REFERENCES

R.Mehrabian; Rapid solidification, Int. MetalsRev.,
27, 185-208 (1982).

M.Kamal, A.B.El-Bediwi, M.B.Karman; J.Mater.
Sci: Mater.Electron., 9, 425 (1999).

M.Kamal, M.B.Karman, A.B.El-Bediwi;
U.Scientist Phy., Sciences, 9, 164 (1997).
A.M.S.E.El-Bediwi; 75, 1-13 (2002).

M.Kamal, A.El-Bediwi; J.Mater.Sci.: Mater.Ele-
ctron., 11, 519-523 (2000).

M.Kamal, A.El-Bediwi; J.Mater.Sci.: Mater.Ele-
ctron., 9, 425-428 (1998).

[7] M.Kamal,A.El-Bediwi, T.EI-Ashram; J.Mater. Sci.:
Mater.Electron., 15, 214-17 (2004).

[8] M.Kamal, M.S.Meikhall, A.El-bediwi, S.Gouda;
Radiation Effects & Defects in Solids, 160, 301-
312 (2005).

[9] J.Glazer; J.Electron.Mater., 23, 693-700 (1994).

[10] A.EI-Bediwi, M.El-Bahay; Radiation Effects &
Defectsin Salids, 159, 133-40 (2004).

[11] J.Chriastelova, M.Ozvald; J.of Alloys and Com-
pounds, 457, 323-328 (2008).

[12] T. C.Chang, JW.Wang, M.C.Wang, M.H.Hon; J.of
Alloys and Compounds, (2006).

[13] A.El-Bediwi, M.M.EI-Bahay, M.Kamal; Radiation
Effects & Defectsin Solids, 159, 491-496 (2004).

[14] M.Mc Cormack, S.Jin; JOM., 45, 38 (1993).

[15] M.Mc Cormack, S.Jin; Journal of Electronic Ma-
terials, 23, (1994).

[16] E.Schreiber, O.L.Anderson, N.Soga; Elastic con-
stant and their measurements, McGraw-Hill, New
York, 82 (1973).

[17] S.Timoshenko, J.N.Goddier; Theory of easticity, 2™
Edition, McGraw-Hill, New York, 277 (1951).

[18] K.Nuttall; J.Inst.Met., 99, 266 (1971).

[19] Tablesfor X-Ray Crystallography, 1, 15-21 (1952).

[20] S.Timoshenko, J.N.Goodier; Theory of Elasticity,
2" Edition, McGraw-Hill, New York, 277 (1951).

Au Tudian Yourual



