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The Microstructural, Mechanical and Electrical Properties of Pb-Sn
and Lead-Free SCO0.7 Solders Containing Sub Micron Active
Carbon Particles

Highlights

«+ The added active carbon particles lowered the resistance of lead free solders but not in Pb-Sn solder
The additions of active carbon particles contributed to increased yield strength properties

Active carbon particle did not affect the melting points of both solders

» The hardness of both solders with active carbon additions increased the most at 0.045 wt% aﬂiition.

Graphical Abstract

In this study, different level additions of active carbon particles has been added to find out the optimum addition
based on the best mechanical and electrical properties using SC 0.7 lead free solder and Pb-Sn solder.
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Figure. SEM images of Pb-Sn solders with active sub micron carbon added a) 0.003, b) 0.015, c)
0.03 and d) 0.045 wt%.

Aim

The aim of the study is to reveal the effect of various sized active carbon particles on the physical and mechanical

properties of active carbon particle in Pb-Sn and lead SC 0.7 free solders.

Design & Methodology

Solders containing 0.003 wt%, 0.015 wt%, 0.03 wt% and 0.045 wt% active carbon particles were prepared with
lead-free (SCO0.7, Tin-Cu 0.7) and Pb-Sn solders (63/37). Cu stripes were soldered using produced solders and
mechanical physical and microscopical studies were carried out.

Originality

In this study, four different active carbon additions into the lead free SC 0.7 and Pb-Sn solders have been studied
with extensive range of characterization techniques.

Findings

Active carbon additions positively affected the hardness and yield strength for both types of solders but negatively
affected the electrical resistance for Pb-Sn solders.

Conclusion

The additioYof active carbon particles hasmostly positive effects on the properties of both lead free and Pb-Sn
solders.
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committee permission and/or legal-special permission.
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oz
Soldering is performed in order to easily assemble electronic components and also to prone ele vity. The
strengths, hardness, physical properties and electronic properties of the solders, i.e. reduced en elting point
and longer service life, can be achieved when their usage is improvised by the help of nece utral additions. In
this study, the effect of the addition of sub micron sized activated carbon on the mechanicdl, i d elegtrical properties of

industrially used solders, i.e. Pb-Sn and lead free SCO0.7 solder was investigated.The thermal
point of Pb-Sn was lowered against lead free solders with increasing amount
both solders did not improve with increasing amount of activated carbon. i@
decrease with respect to increasing active carbon ratio, however, the resistanc increased. The addition of active
particles have positively affected the microstructure of Pb-Sn solders, resu i
carbon particles have no effect on the grain structures of lead free solder.

ed that the melting
he tensile shear strength of

ikroyapisal, Mekanik
Ozellikleri

ertlikler1, fiziksel ozellikleri ve elektronik 6zellikleri, yani azaltilmis enerji kayb,

omrii, kullanimlari, gerekli alasimlama veya nétr ilaveler yardimiyla dogaglama
yapildiginda elde edilebiljr. istriyel olarak kullanilan lehimlerin yani Pb-Sn ve kursunsuz SC0.7 lehiminin
i mikron alt1 boyutta aktif karbon ilavesinin etkisi incelenmistir. Termal galigmalar,
arbon miktar1 ile kursunsuz lehimlere karsi diistiigiinii géstermistir. Her iki lehimin
arbon miktari ile gelismemistir. Kursunsuz lehimlerde artan aktif karbon oranina goére
elektriksel dirgg g Pb-Sn lehimlerin direnci artmistir. Aktif partikiillerin eklenmesi, Pb-Sn lehimlerinin mikro

leme, kursunsuz SC 07 lehimler, aktif karbonlar, mekanik 6zellikler, elektriksel 6zellikler.
solder also increases [1-3]. The sensitivity of the circuit
is determined by the quality of the solder. Pb-containing
solders have been used for the manufacture of circuit
boards for a long time, but with favorable soldering,
ease of manufacture, reliability and price effect, the
preferred Pb-containing low temperature solders are
also toxic and the European Union's regulation on the
safe disposal of hazardous substances (RoHS) is being
slowly removed from use. Developing Pb free (Lead
free) solders, instead, has become widespread especially
with the efforts of Japan and the EU as the toxicity has
*Sorumlu Yazar (Corresponding Author) become an issue in many sectors some researches are
e-posta : stalas@aku.edu.tr carried out to eliminate such negative outcomes [5-9].

important joining technique used in
anging from electrical and electronics
industry, “machine, automobile, = manufacturing
industries, aircraft, aerospace and  aerospace
applications, radio equipment, telephones to daily
installation works. The solder wire used in the electrical
and electronics sector consists of a mixture of Sn and Pb
metals, and as the amount of tin in the solder increases,
the melting temperature decreases and the quality of the




Alloying elements added in place of Pb in Pb-Sn solders
are not likely to have same effect as in PbSn solders due
to their metallurgical properties and there are many
studies to make these more expensive class of solders
capable of forming a cheaper, easily manufactured and
reliable connection [10]. Some properties can be
improved with Cu addition, while the Ag content of
around 3 wt.% in lead free solders makes this type of
soldering quite expensive. Therefore, the addition of
various alloying elements and compounds into SAC
(SnAgCu) solders to reduce the amount of Ag and
maintain their properties have been experimented by
many researchers over the past 10 years [11-14]. Since

the melting temperature, flux composition and
mechanical properties vary with the changing
composition, the selection of a suitable solder

composition is a non-standard procedure. Pb-free
dealloying and intermetallic formation are serious
problems of these alloys in the reactions that occur
when they come into contact with Cu paths on the
circuit. The amount of intermetallics and melting
temperature decreases the gap filling capacity as the
amount of Cu in the solder increases as the Ag easily
oxidizes [11, 14-16]. Alternative studies are focusing on
less oxidation products and additions to reduce Cu
dissolution. While some of these studies were on flux
chemistry, the effect of nano additions such as Alumgge
TiO2 on the chemical and mechanical properties g
solders was also investigated [18-20]. Although thg
contribution of nano additions to thermal pro
limited, its effect on mechanical properties,
creep resistance is quite evident. The a
metallic nanoparticles in particular Fe, Ni,

that thickened intermetalli
mechanical properties, the
solder is also diminished
cycle [16, 19, 20, 22,

3 %) type lead free alloys
varying amounts of active
14 wt% and 0.3 wt%) produced
edfs using a reactor operated at
Bar. The study showed that the
addition active carbon particles improved the
electrical and hardness properties of solders but there
was no microscopically considerable difference in lead
free solders.

In this study, the effect of submicron size commercially
produced activated carbon in different proportions on
the mechanical, physical and electrical properties of Pb-
Sn and a lead-free solder used industrially in the
electronics industry was investigated to determine if the
activated carbon would improve the conductivity,
increase the strength of both solders to make them

viable for possible applications in different industrial
sectors.

2. MATERIALS and METHODS

In this study, activated carbon particles were obtained
from Alfa Aesar (Sub-micron powders were used after
using 500 nm sieve), and were added in the amount of
0.003 wt%, 0.015 wt%, 0.03 wt% and 0.045 wt.% into
lead-free (SCO0.7: Sn-Cu 0.7) and Pb-Sn solders (63/37)
manufactured by Solderex. After melting 20 grams of
solders in the melting pot with and with@lit sub micron
activated carbon, the melt was poure
diameter aluminum casting mol
then sliced using precigjone“c
metallurgically polished i v i
and alumina solutions (1 naf
solutions) followed by
BX-60) and Scanning
1430VP series

attached with
dispersive  X-Ray

mples were also determined by
C/DTA device at heating rate of
r D8 Advance XRD device at a
°/min between 2 theta of 10°-100°. In

Figure 1. Lap joint shear test specimens and measurements;
total length of the specimens is 200mm and lap joint
length is 10mm.

The soldering process temperature was set to 200 °C
during the production of joints with Pb-Sn solders with
and without active carbon. The soldering temperature
was set to 270 °C for lead-free solders with and without
active carbon. 1 Kg load was applied on the joint while
soldering to ensure homogenous soldering thickness.
Then, samples were tensile—shear tested after pre-
loading by using Shimadzu AGS 10 model 10kN
capacity tensile testing machine. The force-elongation
curves were recorded and the resulting stress on each
sample was calculated and the force / shear area



relationship was investigated by measuring the shear
cross sectional area. In addition, the specimens were
also subjected to electrical resistivity measurement and
microhardness tests. Microhardness tests were made
using Shimadzu HMV-2 series micro hardness tester
using 50g load (HVO0.05). For electrical conductivity
measurement, electrical resistance measurement was
carried out using GWINSTEK brand GOM 802 model
miliohm meter with test probes at the ambient
temperature of 25 ° C.

3. RESULTS AND DISCUSSION
3.1. Microscopical Analysis: Additive-free solders

According to the lead-tin reference phase diagram [3],
lead dissolves 19.5 wt% tin, while tin dissolves 2.5 wt%
lead. These phases in solid solutions are called a and f,
respectively. The microstructure image (taken in BSE
mode) in Figure la shows that the phase containing a
high amount of lead, ie, a phase, is white. The dark gray
region is the P phase, i.e. the region rich in tin. The
phases will then be defined as a (BCC: Body Centered
Cubic) and B (BCT: Body Centered Tetragonal). As
shown in Figure 2a, the PbSn solder without active sub
micron carbon particles, is composed of o and 3 phases
and the phases are homogeneously dispersed, and
Figure 2b shows that the lead-free solder without aca'ﬂ
sub micron-carbon particles is also binary phase.
_ - -
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Figure 2. a) Microstructures of a) Pb-Sn and b) lead free
solders without additive

3.2. Microscopical Analysis: Active carbon added
Pb-Sn and lead free solders

Figure 3 shows the internal structure pictures of Pb-Sn
solders containing active sub micron carbon particles
added in percent by weight. As seen in Figure 3, there is
no apparent porosity resulting from casting, on the other
hand, sub micron carbon particles are seen in o phase,
although very small in size. It can be considered that
carbon occupy the lattice cavities due to its size or can
be partially dissolved in o and B solid solutions. There is
no information about how much cagon can be

during rapid solidificatj&h

treatment (Figure 2a). In sample
to which 0.015 wt% o on carbon
particles is added, a s nt of cgrbon is believed
to be dispersed in i s well as the

solidification ca Ing cracks that occur
served. According to

larger and the homogeneous

m [3].

ring that the Pb-Sn solders have -eutectic
ition, both phases should be formed at the same
. It is possible that the reduction in grain size
resulting from the rapid solidification provided by the
aluminium die forces the beta phase to contract.
Exposure of the beta phase to grain shrinkage can also
be explained by the fact that it is the first solidifying
phase, in which Pb-Sn solder is slightly hypoeuctoid
due to the active sub micron carbon effect. In this
structure, it is observed that activated carbon is mixed
into the structure. However, it is possible to deduce
from the microstructural image that activated carbon
particle clustering is formed and homogeneously
dispersed within the structure.
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Figure 3. SEM images of Pb-Sn solders with active sub
micron carbon added a) 0.003, b) 0.015, c¢) 0.03 and d)
0.045 wt%.

In Figure 3c, the SEM image of Pb-Sn sample added
0.03 wt% active sub micron carbon shows that o phase
is more dominant large in ratio and f phase is broken
down into very small grains. During casting, the B
phase, which solidifies earlier, as in Figure 3b, is
thought to be mechanically degraded both by the effect
of rapid cooling and by the effect of thermal contraction
during solidification.

Figure 3d shows that the grains in the SEM image of
Pb-Sn sample containing 0.045 wt% activated sub
micron carbon (matrix grains, 3.7+2.3
compared to grains in 0.003 (matrix gra
pm), 0.015 (matrix grain size 6.3+1.5 um)
(matrix grain size 7.3+2.5_um
carbon addition, carbon-gg
the interfaces of the lead-ri

copper-tin reference
tin increases above 350
bronze cor‘ain'
Practically 1

alloy, which contains
rage melting temperature of
containing up to 0.7% by
out 227°C and as shown in the
ram, this temperature increases
opper content as it is eutectic at this

econd phase in tin-based solders, i.e. lead-free

containing copper, and the microstructure
consists of a single phase solid solution of tin at room
temperature. Figure 4 shows SEM images of lead free
solders with and without activated carbon after casting.
Active sub micron carbon additives added in different
ratios can be observed in all images. In Figures 4a and
b, very small amount of sub micron particles is observed
due to the low amount of active sub micron carbon
added. However, in Figures 4c and 3d, the active sub
micron carbon is distributed more homogeneously in the
matrix since a higher proportion of active sub micron
carbon is added, i.e. 0.045 wt.%. The absence of grain
boundaries suggests that the grains are too coarse or
there is insufficient contrast in the BSE mode. In the
first case, the absence of a second phase to impede grain
advancement and/or movement of the activated carbon
particles together with the interface supports coarse
grain formation. The images of lead-free solders with
different weight percentages of active sub micron-
carbon added lead-free solders show that grain
boundary does not reveal itself in lead-free solders as in
Pb-Sn solders. Since Pb-Sn solders have different
solubility values for each phase, the crystal formation is
expected during nucleation and growth stages.
However, in single-phase lead-free solders, no
significant grain formation is observed or it is very large
in size, regardless of the amount of active carbon.
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Figure 4. SEM Images of lead-free solders 9 NI\
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containing a) 0.003 b) 0.015 c) 0.03 and d)
0.045 wit%. Figure 5. SEM-EDX analysis of a) Pb-Sn and b) lead-free

solders containing 0.045% sub micron active carbon.



3.3. EDX Analysis of Pb-Sn and Lead-Free Solders

Figure 5 shows SEM-EDX images of Pb-Sn and lead-
free samples containing 0.045 wt% active sub micron
carbon. The EDX analyzes in Figure 4 indicate the Pb
(o) and Sn (B) peaks. Furthermore, there is no aluminum
peaks available in EDX results, which may have been
originated from the casting mould. There is no evidence
of carbon in the EDX analysis of both Pb-Sn and lead-
free solders. In lead-free solders, tin was found and
other alloying elements could not be observed in the
matrix, the amount was not possibly sufficient to be
detected.

3.4. Analysis of DTA Results

Figure 6 shows the melting points of lead free and Pb-
Sn solders with different amounts of activate sub micron
carbon additions. Pb-Sn solders have an increase of few
degrees in melting point up to 0.015 wt% active carbon
addition. However, the melting temperature of Pb-Sn
solder with active carbon addition drops slightly but
below the melting point of Pb-Sn solder.

It is possible that the melting temperature of the Pb-Sn
solder depends on the additive ratio and may due to the
effect of additional active carbon which suppressing the
nucleation of liquid phase by preventing the wetting of
solid phase, which causes the superheating of the matri

and increase in the melting point. It is ideally possiblg
cause heterogeneous melting by inserting a neutr,
surface but active carbon may have reasonabl
entropy driving force if there is any solubili
was not detected in this study. As shown in
however, it is seen that lead-free solders hav

sub micron carbon, from 219.8 °C
contrary to this study, the meltj

measuring technique w
increasing the amount
increases the melting

179.05°Cto 179.91° then it g nto 179.5 °C.
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Figure 6. DTA results of melting points (start - finish) of lead-
based and lead-free solders with respect to active
carbon addition.

3.5. Analysis of XRD Results

Figure 7 shows the XRD peaks of Pb-Sn solders with
and without active sub micron carbon in different
proportions by weight. According to this graph, it is
seen that Pb-Sn solders consist of a and B phase and
there is no change in peak counts due to increasing
amount of active sub micron carbon which does not
cause a new phase formation. XRD peaks of Pb-Sn and
lead-free solders to which active sub micron carbon is
added in different proportions by weight are given in
Figure 8. There are no new peaks appearegd in the XRD
peaks results of lead-free samples in ad
this case, it is thought that the active sub
additions added in different amo
contribute to the formatiqg ®f ane
that the entire structure co }ists of\gsin
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Figure 8. XRD results of lead-free solders with and without
additives

3.6. Microhardness Test Results

Experimental results on both Pb-Sn solder and lead-free
solders (Figure 9) showed that the amount of activated
carbon was not fully correlated with hardness changes.
PbSn solders appears to show an increase in the micro
hardness with respect to activated sub micron carbon
particles after 0.03 wt% addition, whereas, lead free
solder with sub micron carbon additive was rarely
affected by the increase in the amount of activated sub



micron carbon except for 0.045 wt% with a little
increase in hardness. It is surprising that PbSn solders
with activated submicron carbon additive showed a
softening effect between 0.003 and 0.03 wt% which
may be due to grain coarsening observed between 0.003
- 0.03 wt.% additions in Pb-Sn solders. It is considered
that the high hardness values at the highest additive
ratio are due to the increase in volume of the activated
carbon. In this way, it is believed that due to the
increased second phase ratio in the matrix, the hardness
due to the dislocation movement restriction in the
matrix increases. It should also be considered that, apart
from the amount of the second phase, one or both of the
Pb-Sn microstructure may be able to dissolve carbon,
which may have resulted in increased matrix hardness.
The micro hardness of SnCu0.7 solder is found to be
consistent with study [30].
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Figure 9. Microhardness test results of PbSn and@lead free

solder samples

3.7. Lap joint tensile shear tes
joints)
in Figure
ess and total
ntal axis. It is
have an opposite
he shear stresses of
and low active carbon

It, activated carbon is thought to
contribution rates in terms of

structure affect the phase transformation kinetics during
solidification and thus change the grain size or shape of
grains, and when added in high amounts, the activated
carbon particles become coarse and ineffective. The
results of the tensile-shear tests of lead free solders are
given in Figure 10b. Results of both groups show that,
the lap joint shear strengths generally change strongly
with the increasing the amount of addition. As can be
observed in Figure 10 that active carbon addition to
PbSn types of solders have a softening effect. This may

be a result of coagulation of active carbon particles
however there would be an initial increase in the
strength at low additions, which is not the case in lead
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\0!10. Tensile-shear test results of solder joints produced

with a) PbSn and b) lead free solders with and without
activated carbon.

free solders but Pb-Sn solders show an initial increase
and then decrease in the strength at maximum addition.
A different mechanism regarding the softening behavior
is given in reference [31] in which a strong bonding in
the cluster of additives causes the formation of cracks
which reaches the surface due to the difference in
plastic behavior of matrix and clustered region. After
the tensile shear experiments, it was observed on failed
surfaces that all samples failed from the soldering zone.
The strength of Pb-Sn soldered samples in Figure 10 is
initially increased but later decreased with increasing
carbon content due possibly to the coarse grains in
0.015 wt% and 0.03 wt% additions. Shear elongation,
i.e. the deformation of the sample, also increased from
0.015 wt% up to 0.03 wt% with a slight decrease at the
highest additions, i.e. 0.045 wt%, where the effect of
large amount of activated carbon addition begins to
appear. Accordingly, the shear forces of the samples are
also reduced. The shear strengths of the joints made
with lead-free solder have a decreasing trend and the
elongation decreases with the increasing amount of
activated carbon, especially in lead-free solders. This
suggests that in the tensile-shear samples joined with
lead-free solders, the coagulation of the activated carbon
during casting may be responsible in addition to single



phase microstructure. Because activated carbon is not an
effective second phase owing to its very small size, it
does not also strongly affect the phase structure by
nucleation or other mechanisms. However, in general,
the strength of tensile-shear samples soldered with lead-
free solder was lower than that of Pb-Sn ones due
mostly to the formation of single phase structure with
large grains. While the elongation values of samples
produced with lead-free solders generally remain the
same, however, this value varies in Pb-Sn ones.

The tensile shear values of PbSn solders and lead free
solders do not correlate with hardness test results but
with the coarseness of grains (in case of PbSn solders)
with respect to increasing activated sub micron carbon
content. The second phase particle hardening seems to
be an effective mechanism in case of lead free solders
when tensile shear test is concerned.

3.8. Electrical Resistivity

The results obtained in electrical measurements are
given in Figure 11. Because the resistivity of a metal or
conductor is dependent on the size and length of the
cross-sectional area, a method of length and cross-
section is used instead of spatial measurement. As the
effective cross-sectional area and length of the solder
bar were taken into consideration, the measurement
results were calculated as ohm.meter. According. ®
these values, the electrical resistance values of Iead?ﬁ
solder samples decreased with respect to the increasing
contribution rate, i.e. approximately 27% decre it
the addition of 0.003 wt% active carbon and fi
decrease with the addition of 0.045 wt%, wi|
electrical resistance of Pb-Sn solders, was

There are
that the
n Nano

active sub micron sizeg or
based solders.
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Figure 11. Electrical resistivity test measurement results

4. CONCLUSIONS
Following conclusions can be drawn from this study:

1. In lead-free solders, the electrical resistance values
decrease with respect to the increasing additional
activated carbon ratio, however, the resistance of Pb-Sn
solders increased.

2. It has been revealed that the amount of active carbon
and hardness changes are not strongly interrelated in
both Pb-Sn and lead-free solders.

3. It is observed that shear strengths of leaded solders
increase with the increasing amount of activated carbon,
however, shear strengths of lead free solders decrease

5. No new phase peaks afpegfed
results of lead-free and Ptf®n o

ile in lead-free
es depending on

ke this solder more useful
is concerned. It is possible
in solder paste, however, an

lead free
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