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ABSTRACT

In the present study 1.0, 2.0 and 4.0 wt. % Al was added with the Sn-8Zn-
3Bi eutectic alloy to investigate the effect of Al as afourth element on the
microstructural and mechanical properties of the newly developed
guaternary alloys. The solidification behavior of the quaternary alloyswith
the cooling rate was also investigated as well. The results indicated that Al
refined the microstructure and formed intermetallic compounds with the
guaternary aloy. The microstructures of newly developed quaternary Sn-
82Zn-3Bi-xAl aloys had fine needle-like a-Zn phase with some IMC
dispersed in the B-Sn matrix. The compact shaped IMCs uniformly
distributed in the 3-Sn phase which resulted in anincreasein the mechanical
properties, due to the second phase dispersiod strengthening mechanism.
As the Al content increased, both the microhardness and macrohardness
of the Sn-8Zn-3Bi-xAl quaternary alloys improved due to the presence of
harder IMC in the microstructure. With further employing faster cooling
rate, the mechanical properties were also promoted.
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INTRODUCTION

The ban of lead in electronic products will oc-
cur in most industrialized countries before the end
of this decade. Extensive investigations have been
on-going over the last few years to find an accept-
able Pb-free alloy for various low temperature at-
tachment applicationg*3. All dternativesto the stan-
dard eutectic tin-lead alloy investigated so far are
based on tin aloys with atin content significantly

over 90 wt. % in combination with copper, silver,
antimony, bismuth, or zinc. Among the binary aloys,
recently, Sn-Zn alloy has become highly recom-
mended as a substitute for Sn-Pb eutectic alloy due
to itslower melting point™. Sn-Zn alloy can also be
used without replacing the existing manufacturing
lines or electronic components. Again, Sn-Znisad-
vantageousfrom an economic point-of-view because
Znisalow cost metal. However, Sn-Zn eutectic al-
loy isdifficult to handle practically duetoitshighly
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TABLE 1 : Chemical composition of starting materials (wt. %)

Alloys Sl Zn Al Pb Bi S
Sn-8Zn-3Bi Bd. 7.89 - 034 3.05 0.01
Sn-8Zn-3Bi-1.0Al Bd. 7.68 0.88 034 2.85 0.01
Sn-8Zn-3Bi-2.0Al Bd. 7.60 191 034 2.75 0.01
Sn-8Zn-3Bi-4.0Al Bd. 7.42 3.87 034 2.86 0.01

active characteristicd®. Asreported by S. Vaynman
et a.[% Sn-8Zni eutectic aloys have limited com-
mercia viability due to its serious oxidation and
wetting problems. Addition of alloying elementsis
an effectiveway to improve oxidation resistance and
wetting behavior of eutectic Sn-8Zn alloy. The ad-
dition of Bi in Sn—Zn near eutectic solder can im-
prove the soldering properties”®. Shohji et al.
proved that the creep resistance of Sn-8Zn—3Bi is
superior to that of Sn—37Pbl7.

Al hasbeen incorporated with Znto enhancethe
atmospheric corrosion resistance of the conventional
gavanizing coating for steel. The Al may form solid
solutions with Zn and Sn and has a eutectic point at
197°C as reported by Sebaoun et a.™, who dis-
cussed thediffusion paths of various Sn-Zn—Al sys-
tems at variousisotherms. It has been reported that
the Al-Zn-Sn alloys have good wettability on Al™Y,
The microstructures of the Sn-9Zn-0.45Al alloys
have been investigated using scanning electron mi-
croscopy!*4,

Addition of afourth element significantly changes
Sn-8Zn-3Bi eutectic binary alloys microstructure,
and mechanical properties have a large extent of
dependency on mechanical properties. It hasalready
proven that addition of athird element inthe Sn-9Zn

eutectic greatly improves its mechanica proper-
tied?*19, Thus, the objective of this study isto find
out therelation between the microstructure and me-
chanical propertiesthat alterswith the formation of
IMCsfor various amount of Al addition. This study
concerns with the melting microstructure,
microhardness and macrohardness on Sn-9Zn eu-
tectic alloy that may alter after addition of various
amount of Al init.

EXPERIMENTAL PROCEDURE

The Sn—-8Zn-3Bi, Sn-8Zn-3Bi-1.0Al, Sn-8Zn-
3Bi-2.0Al and Sn-8Zn-3Bi-4.0Al lead-free alloys
were prepared with commercially available puretin,
zinc, copper and aluminium (purity of 99 %). The
constituent elementswere melted in afurnace. The
molten aloys(in the aluminacrucible) were homog-
enized at 300°C and then a portion of the molten
metal poured inagraphite mold. Therest of themol-
ten metal poured in asteel mold to prepare the chill
cast ingot. Consequently, chemical analyses were
done by volumetric method to determine the exact
composition of the castingingots. Thechemica com-
positions of the alloyswerelisted in TABLE 1.

The as-cast alloys were sectioned and polished
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Figure 1 : Optical micrographs of as cast sample of a) slow cooled and b) fast cooled at a magmflcatlon of 400 X
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according to non-ferrous metallography with 0.5um
Al O, particles in order to obtain the microstruc-
ture. After cleaning with acetone and alcohol, the
sampleswereinvestigated by an optical microscope
with digital camera(LEICA-MZFLIII) Grinding and
polishing were necessary to obtain polished, smooth
and flat parallel surface before indentation testing.
Thus, the polished sampleswere placedinaVickers
Shimadzu microhardness tester to measure the
microhardness. The applied load was 50g for 10s.
The macrohardnesswas measured with Brindll hard-
nesstester. The applied load was 1.0 kN for 30 sand
at least 10 readings of different indentations were
taken at room temperature to obtain the mean value.

The rectangular cast ingots were then mechani-
cally machined into tensile specimenswith agauge
length marked 32.00 mm for each samples, thewidth
and thickness of the sampleswere 6.00 mmand 5.00
mm respectively. Tensiletestswere carried out with
a tensile testing machine (Instron 3369 Universal
Testing Machine) at astrain rate of 1.00 mm/min at
25°C to obtain dataon the stress-strain curveswhich
contain information of elongation at fractureand the
UTS.

RESULTSAND DISCUSSIONS

Microstructureand elemental analysis

The optical micrographs of the Sn-8Zn-3Bi in
Figure 1 (aand b) show the typical lamella of eu-
tectic microstructures for both the slow and fast
cooled samples. It was established that the eutectic
Sn-8Zn-3Bi alloy consists of a-Sn, Bi rich phase
and Zn-rich phase. In the micrograph, the bright re-
gions are the 4-Sn phase and the primarily solidi-
fied phases; the dark phases are fine needlelike Zn-
rich phasein a-Sn matrix. Also some Zinc spheroids
were observed in the microstructure. The Bi rich
phase was not identified with the optical resolution.
In the lowly cooled Sn-Zn-Bi eutectic aloy, the
eutectic lamella was thicker than that in the fast
cooled oneand theamount of lamellaseemed to sup-
pressed aswell in the fast cooled Sn-Zn-Bi eutectic
aloy.

With theaddition of 1%Al, the eutectic Sn-8Zn-
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3Bi aloy showed some precipitates distributed in
the eutectic phase shown in Figure 2. When 2% Al
isadded with the eutectic Sn-8Zn-3Bi aloy, themi-
crostructure changed with globular shaped interme-
tallic compound distributed in the typical eutectic
lamellaas shownin Figure 3. After the Al addition
increased to 4% the number of intermetallics also
increased while eutectic phase decreased and at the
same time IMC size became little larger, as shown
in Figure 3 and Figure 4. The micrographs of the
guaternary alloyswerewell distinguished into three
phases, i.e. the matrix a-Sn, the needle-like eutectic
a-Zn, and the globular dark grey phases. Another
important thing is that for the fast cooled samples
thedistribution of the M Csishomogenized, thefor-
mation of intermetallic compounds seemed increased
and the formation of eutectic lamella was further
suppressed (Figure 2b, 3b and 4b).

Thus, we can see when a fourth element Al is
added with the Sn-8Zn-3Bi eutectic aloy, thea-Zn
phases decreased and changesto finer structure. As
Zn isavery reactive material (electro negativity: -
1.65), it forms compound with the Al. And due to
the high reactivity of Al (electro negativity: -1.90),
themicrostructure of Sn-82n-3Bi-2.0Al and Sn-8Zn-
3Bi-4.0Al deprived of thick Zn-rich eutecticlamella
and consistsof fine eutectic coloniesdispersed with
largeintermetallic compounds.

M acrohardness

The microhardness of an alloy depends on the
motion of dislocation, growth and configuration of
grains. The processes are more sensitive to the mi-
crostructure of thealloy than its chemica composi-
tion. So the mechanical property such as the
microhardness depends especialy on the microstruc-
ture, processing temperature, the composition, etci4.
In the present study the microhardnesstest was per-
formed to observe the change of mechanica prop-
erties associated with the microstructural changes.
Figure 5 showsthe microhardness resultswith stan-
dard deviation as a function of aloy composition.
In general, the hardness of Sn-based strongly de-
pends on the aloying elements; the more the aloy-
ing elements there are, the higher the hardnessis.
Thisisattributed to thefact that the volumefraction
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Figure 2 : Optical micrographs of as cast sample of a) slow cooled and b) fast cooled Sn-Zn-3Bi-1Al alloy at a

magnification of 400 X

Figure 3 : Optical micrographs of as cast sample of a) slow cooled and b) fast cooled Sn-Zn-3Bi-2Al alloy at a

magnification of 400 X

Figure 4 : Optical micrographs of as cast sample of a) slow cooled and b) fast cooled Sn-Zn-3Bi-4Al alloy at a

magnification of 400 X

of the other phases increases as there are more al-
loying elements. The same trend was confirmed for
Sn-8Zn-3Bi and Sn-8Zn-3Bi-xAl dloys; the aver-
age hardness valueincreases when small amount of
Al is added to the Sn-8Zn-3Bi eutectic aloy as a
fourth alloying element, as shown in Figure 5.

From Figure 5, the BHN of the slowly cooled
eutectic Sn-8Zn-3Bi was 16.8, while those of Sn-
87Zn-3Bi-1.0Al, Sn-8Zn-3Bi-2.0Al, and Sn-8Zn-3Bi-
4.0Al were 18.2, 18.7, 19.1 and 19.6 respectively.
TheBHN of thefast cooled eutectic Sn-8Zn-3Bi was
16.8, whilethose of Sn-8Zn-3Bi-1.0Al, Sn-8Zn-3Bi-
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Figure 5: Brinnel hardness of Sn-82n-3Bi, Sn-8Zn-3Bi-1.0Al, Sn-8Zn-3Bi-2.0Al and Sn-8Zn-3Bi-4.0Al alloys

2.0Al, and Sn-8Zn-3Bi-4.0Al were 20.1, 25.2, 26.1
and 26.7 respectively. The hardness increases for
Sn-8Zn-3Bi eutectic alloy after addition of afourth
element can be understood by dissolution of Al at-
omsfor Sn-8Zn-3Bi-XAl quaternary alloysand for-
mation of IMC particles in the matrix to promote
precipitation hardening. Thismay al so beexplained
by the microstructural observations for the corre-
sponding quaternary alloy. Figure 2-4 represents
that al the Sn-8Zn-3Bi-xAl aloysare composed of
threedifferent phases; the matrix a-Sn, small amount
of needle-likeeutectic 4-Zn, and the dark gray phases
of IMCs, while the Sn-8Zn-3Bi eutectic aloy con-
sists of only first two phases with some Zn sphe-
roidsinit. The difference in hardness increase was
more pronounced in fast cooled samples.

Tensilestrength

The ultimatetensile strength (UTS) isthe maxi-
mum engineering stress, which amaterial can with-
stand in tension, on the engineering stress-strain
curvel®®, Theyield stressisthe stresslevel at which
plastic deformation begins. For alloys, the yield
stressiscommonly defined by the stresson the stress-
strain curveat 0.2% strain offset. Theeffect of fourth
alloying additives on mechanical properties of Sn-
8Zn-3Bi eutectic alloy can be seen from the strain-
stress curves shown in Figure 6 and Figure 7. The
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tensile strength of the slowly cooled Sn-8Zn-3Bi,
Sn-8Zn-1.0Al, Sn-8Zn-3Bi-2.0Al, and Sn-8Zn-3Bi-
4.0Al were 60.55, 62.10, 68.57 and 69.66 M Pa, re-
spectively. The elongation at failure of the Sn—-8Zn,
Sn-8Zn-1.0Al, Sn-8Zn-3Bi-2.0Al, and Sn-8Zn-3Bi-
4.0Al were 26, 22, 15.6 and 13.6%, respectively
for the slowly cooled samples. The tensile strength
of the fast cooled Sn—-8Zn-3Bi, Sn-8Zn-1.0Al, Sn-
8Zn-3Bi-2.0Al, and Sn-8Zn-3Bi-4.0Al were 62.30,
64.25, 68.57 and 74.56 M Pa, respectively. Theelon-
gation at failure of the Sn—8Zn, Sn-8Zn-1.0Al, Sn-
8Zn-3Bi-2.0Al, and Sn-8Zn-3Bi-4.0Al were 23.3,
19.2, 13.5 and 11.8%, respectively for the slowly
cooled samples. The Sn—8Zn-3. Bi-4.0Al alloy had
the higher UTS and Sn—8Zn-3Bi alloy exhibit higher
elongation, while Sn—-8Zn-3Bi had the lowest UTS.
Asper dispersion strengthening theory!™, thestrength
must increase with the addition of a second phase
particle in the matrix. And for the case of small
amount of Al addition in Sn-8Zn-3Bi the theory
proved right, while for the amount of Al increases
the theory contradicts with the results. These con-
tradictory results can be explained from the micro-
structure and tensile fracture surface of the alloys
very clearly. Theboth phenomenon of tensile strength
and elongation can be clearly explain by the disper-
sion strengthening theory; i.e. the second phase
formed by Al generates obstacle for the dislocation
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Figure 6 : Variation of average ultimate tensile strengths and % elongation of slow cooled Sn-8Zn-3Bi, Sn-8Zn-

3Bi-1.0Al, Sn-8Zn-3Bi-2.0Al and Sn-8Zn-3Bi-4.0Al alloys
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Figure 7 : Variation of average ultimate tensile strengths and % elongation of fast cooled Sn-8Zn-3Bi, Sn-8Zn-Bi-

1.0Al, Sn-8Zn-3Bi-2.0Al and Sn-8Zn-3Bi-4.0Al alloys

at the grain boundary (the maximum region of mis-
match), dislocation piles up resultsin aincreasein
tensile strength, the term also called precipitation
strengthening. On the other hand due to movement
restriction of dislocation densities the dip planes
cannot find their suitable direction to move freely
resultslack in ductility; i.e. elongation decreases.

CONCLUSIONS

Addition of afourth e ement can promotethe me-
chanical and thermal property of Sn-8Zn-3Bi alloy
in various ways. The volume fraction of IMCs in
Sn-8Zn-3Bi-xAl quaternary alloys nucleatesin con-
trast to that of the eutectic 4-Zn phase, which de-
creased with increasing addition of Al. At the same
timethe eutectic 4-Zn phase converts into fine needle-

like structures rather than thick rod-like lamella.
Again in the microstructures of newly developed
guaternary alloys some new phases are observed
compared to Sn-8Zn-3Bi eutectic aloy. For differ-
ent amount of Al addition the new phases found to
be globular shaped precipitate of intermetallic com-
pounds. Asthe microhardnessisstrongly depend on
the microstructure, thusthe microhardnessvaluein-
creases for Al addition in the eutectic Sn-8Zn-3Bi
aloy. Thetenslestrength of Sn-8Zn-3Bi-xAl isfound
to be higher compared to the Sn-8Zn-3Bi eutectic
aloy; on the other hand elongation drops. As the
amount of Al in Sn-8Zn-3Bi increases, the tensile
strength increases and elongation drops. Findly, it
can be concluded that the addition of Al can im-
prove the mechanical properties of Sn-8Zn-3Bi eu-
tectic alloy.

——  PHptirioly Science
;4%7%4(44%1«44«4



412

Effect of al addition on the microstructural and mechanical behavior

MSAIJ, 12(11) 2015

FPull Paper =
REFERENCES

[1] K.Suganumg; “Preface-Special Issue on Lead-
Free Solderingin Electronics,” Mater.Trans, 45,
605-605 (2004).

[2] K.Zeng, K.N.Tu; “Six cases of reliability study
of Pb-free solder jointsin electronic packaging
technology,” Mater.Sci.Eng.R., 38, 55-105
(2002).

[3] M.Abtew, G.Selvaduray, “lead-free solders in
microel ectronics,” Mater Sci Eng R 27,(2000)
95-141.

[4] JM.Song, Z.M.Wu; “Variable eutectic tempera-
ture caused by inhomogeneous sol ute distribu-
tion in Sn—Zn system”, Scripta Metall., 54,
1479-1483 (2006).

[5] K.SKim,JM.Yang, C.H.Yu,1.0.Jung, H.H.Kim;
“Analysis on interfacial reactions between Sn—
Zn soldersand the Au/Ni electrolytic-plated Al
pad,” J.Alloys and Compounds, 379, 314-318
(2004).

[6] S.Vaynman, M.E.Fine; “Development of fluxes
for lead-free solderscontaining zinc” Scr.Mater,
41, 1269-1271 (1999).

[7] 1.Shohji, T.Nakamura, EMori,, S.Fujiuchi; “In-
terface reaction and mechanical properties of
lead-free Sn-Zn aloy/Cujoints’, Mater.Trans.,
43, 1797-1801 (2002).

[8] A.Sharif,Y.C.Chan; “Effect of substrate metal-
lization on interfacial reactions and reliability
of Sn-Zn-Bi solder joints”, Microelectronic
Engineering, 84, 328-335 (2007).

Wtenioly Science - mmm——

[9] A.Sharif, Y.C.Chan; “Retardation of spalling
through the addition of Ag in Sn-Zn-Bi solder
with the Au/Ni metallization”, Materials Sci-
ence and Engineering A, 445-446, 686-690
(2007).

[10] A.Sebaoun, D.Vincent, D.Treheux;
Mater.Sci.Technol., 3, 241 (1987).

[11] K.Suganuma, T.Murata, H.Noguchi; Y.Toyoda,
J.Mater. Res., 15, 884 (2000).

[12] SPYu, M.C.Wang, M.H.Hon; J.Mater.Res,, 16,
76 (2001).

[13] D.Soares, C.Vilarinho, J.Barbosa, R.Silva,
M .Pinho, F.Castro; “Effect of the Bi content on
the mechanical propertiesof aSn-Zn-Al-Bi sol-
der alloy”, Mater.Sci.Forum, 455-456, 307-311
(2004).

[14] C.M.Chuang, T.S.Lui, L.H.Chen; “Effect of alu-
minum addition on tensile properties of natu-
rally aged Sn-9Zn eutectic solder”, J. Mater.Sci.,
37, 91-195 (2002).

[15] C.M.L.Wu,, Y.W.Wong; “Rare-earth additions
to lead-free electronic solders”, J.Mater.Sci.:
Mater.Electron., 18, 77-91 (2007).

[16] S.K.Das, A.Sharif, Y.C.Chan, N.B.Wong,
W.K.C.Yung; Influence of small amount of Al
and Cu on the microstructure, microhardness
and tensile properties of Sn-9Zn binary eutec-
tic solder aloy, J. Alloysand Compounds, 481,
167-172 (2009).

[17] D.Frear, H.Morgan, S.Burchett, J.Lau; “The
Mechanics of Solder Alloy Interconnects”, Van
Nostrand Reinhold, New York, (1994).

An Judian Jouwrual



