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ABSTRACT

Present manuscript reports the effects of minor Sn - Pb solder on the true stress true strain, impact toughness
as well as mode of fracture behaviour of commercially pure copper. Heat treatment of cast alloys is done by
homogenizing, solution treatment and quenching those. Then the alloys are cold rolled by 75 % followed by ageing
at room temperature, 150°C and 400°C for 1 h each. The results reveal that solder has a positive effect on the tensile
properties of the alloy at lower ageing temperature but does not offer enough benefit at higher ageing temperatures.
Both Sn and Pb increase strength through solid solution strengthening, with tin performing better than lead because
Sn has a different BCC crystal structure and Pb has a similar FCC structure to Cu. In addition, Pb does not form
any intermetallic with Cu but Sn forms various intermetallic with Cu as well as impurities which naturally present
in the cast alloys. They also have a significant impact on ductility minima of the matrix. The microstructures exhibit
relatively thick grain boundaries of minor alloying elements due to the presence of different particles. Fracture

surfaces also indicate such particles that inhibit dislocation movement as well as ensure high strength.
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INTRODUCTION

With the advancement of engineering science and
technology, the requirement of materials in various
industrial sectors is increasing. Copper is a widely used
metal for electrical components and wires, industrial and
marine fields due to its admirable electro-mechanical
properties [1]. Since science and technology are
developing at a rapid pace and the economy is growing,
there is a constant demand for copper and the possibility
of using the old/scraped items. It has become important
to meet the growing demand considering the degree of
copper ore depletion in the natural [2, 3]. However, the
scraped copper contains minor solder elements like tin,
lead, etc. which causes the speculations amongst the user
for the deterioration of required properties.

It should be mentioned that adding elements
to an alloy can enhance some characteristics while

having varying effects on others. There is a wealth of
information about the impact of alloying elements with
copper in a variety of literary works. More precisely,
alloyed with Sn decreases conductivity and ductility
while increasing strength and precipitation hardening
[4]. Although the behaviour is similar, the addition of
Al reduces the corrosion properties [5]. While silicon
increases machineability and tensile strength, it is less
corrosion-resistant than other Cu alloys. Alloys with
Ni added exhibit excellent thermal stability, allowing
them to maintain their mechanical properties at elevated
temperatures. However, their high toughness leads to
poor machinability [6, 7]. Again, the trace amount of Zr
is used to refine the grain structure and thermal stability,
Sc furthermore provided the precipitation strengthening
of the alloy [8, 9].

So, it is earnestly important to investigate the
behaviour of solder affected Cu and the characterization
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of'its various properties to nullify the sceptical behaviour
and to investigate the possibility of reusing scrap copper
to manufacture new components. Materials’ fracture
failure is a highly intricate micromechanical process.
For reasonable accuracy of the calculation results in
numerical simulation, the selection of precise material
damage models and damage parameters is crucial. In
view of the above, few of the properties have been
investigated under a research project and interesting
findings have been obtained on electro-mechanical,
sliding friction and corrosion behaviours of solder
affected scraped copper [10 - 12]. It is also necessary
to carry out the experimental investigations to address
the true stress-strain behaviour of such scraped Cu
after thermal ageing to explore the worthy engineering
applications. Since lead and tin concentrations in waste
copper are typically low, four categories of sample, such
as, copper ingots, low tin and lead added copper-tin and
copper-lead alloys together with solder affected scraped
copper have been taken to carry out investigations. The
study mainly deals with the effects of trace amount of
soldering in work-hardened samples on true stress-strain
and fracture behaviour at the plastic region under tensile
loading. Furthermore, the alloys’ hardness, impact,
and optical microstructural results under various aging
circumstances have been documented.

EXPERIMENTAL

Old/scraped copper wires as well as soldered
connecting structures after long used were collected
from various places. It is melted using a conventional
pit furnace that runs on natural gas. It has been noted
that the cast sample has minor amounts of Sn and Pb in
addition to trace amounts of other elements with copper.
Therefore, it has been felt that the effects of Sn and/or
Pb inclusion on the properties of Cu are crucial to the
investigation of its potential for reuse. To ascertain the
distinct effects of Sn and Pb present in old solder-affected

Table 1. Alloys chemical composition by wt. %.

copper, three additional materials were taken: minor
Cu - Sn alloy, Cu - Pb alloy, and commercially pure
copper. The chemical compositions of all four developed
materials were analysed using the spectrochemical
method; the results are displayed in Table 1.

The cast samples were machined to create the
dimension of 300 x 15 x 12 mm for each type of material.
Before machining samples were initially homogenized
for time interval 8 h at 500°C, the solution treated for
time interval two hours at 700°C and then quenching
into ice salt water. Afterward, the plastically deformation
was done using a laboratory scale rolling machine under
1.0 mm reduction per pass. As a result, the thickness
of the samples became 3.0 mm as of the 12 mm thick.
Cold rolled samples were aged at three thermal treatment
conditions, i.e., (i) at room temperature (under aged),
(i1) at 150°C at which the hardness and ultimate tensile
strength and were found to the maximum (peak aged), and
(iii) at 400°C (over aged) for the duration of 1 h each [13].

The Instron testing machine was utilized to conduct
the tensile test at room temperature, while maintaining
a strain rate of 107 s!'. The samples were prepared in
accordance with ASTM specifications to ensure accurate
testing. The gauge length of each sample was set at
25 mm. A total of seven tests were performed under
each condition, and the average value closest to the
true stress-strain curve was selected. The measurement
of hardness for various alloys under different annealed
conditions was conducted using a Mitutoyo HM-200
Series 810-Micro Vickers Hardness Testing Machine.
Both Vickers and Knoop Indenters were utilized with a
100 g load, and an indenter approach speed of 60 pm s°!
was employed. The test force dwell time was set at 20
sec. For this microhardness measurement, a sample size
of 3 x 15 x 15 mm was chosen. At different locations on
each polished surface created by the fine grade emery
paper of the aged, hardened samples, a minimum of 10
indentations were made. The heat-treated specimens
employed were conventional 10 X 10 x 55 mm samples

Alloy Cu Sn Pb P Si Fe

Pure Cu 99.986 0.000 0.000 0.011 0.003 0.000
Cu-Sn 98.456 1.134 0.012 0.270 0.142 0.000
Cu-Pb 98.433 0.002 1.197 0.256 0.113 0.000
Cu-Sn-Pb 97.113 1.257 1.195 0.262 0.173 0.034
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featuring a V-shaped notch, 2 mm in depth, positioned
at a 45° angle. The assessment of impact resistance was
conducted following the guidelines set by ASTM. Each
test involved the evaluation of seven test pieces. The
optical metallography of alloy specimens was taken in
the usual way where Versamet-1I microscope was used.
In case of using metallographic after being polished
with alumina, copper etchant like 1:1 ratio Ammonium
Hydroxide and Hydrogen peroxide (3 %) was used.
The JEOL scanning electron microscope was utilized to
conduct the SEM investigation of the fracture surfaces
following tensile failure.

RESULTS AND DISCUSSION

True stress-strain

Atroom temperature, commercially pure Cu, Cu - Sn
alloys doped with tin, Cu - Pb alloys doped with lead and
Cu- Sn - Pb alloy affected by solder are subjected to tensile
testing. These materials have undergone a 75 % cold
deformation and are tested with a strain rate of 102 s,
The under-aged, peak-aged, and over-aged conditions as
designated in the experimental section, the obtained true
stress strain plots are represented in Figs. 1, 2, 3. With
out any ageing treatment that is under aged condition,
the curves demonstrate some deviation between the slope
of the true stress-strain curves and their tensile strength
(Fig. 1). Commercially pure Cu display the lowest
values of stress, and the solder affected alloy has the
highest followed by individually Sn and then Pb added
alloys. The reason behind this solid-soluble Sn and Pb
in the a-phase alloy, creating a lattice distortion stress
field that effectively prevents dislocation movement and
thus effectively increases the tensile strength. At the
same time, Sn offer higher strength as it forms different
intermetallics with Cu namely Cu,Sn, Cu,Sn, etc. but Pb
does not form. However, Sn shows the superior strength
because of the dissimilar crystal orientation BCC of Sn
precipitated within the FCC Cu matrix whereas FCC Pb
precipitates within FCC Cu matrix. B-Sn precipitates
might have generated coherency strain which leads to
higher strength in this alloy which probably is absent
a-Pb precipitates in Cu-Pb alloy. Consequently, the
solder affected Cu - Sn - Pb alloy displays the highest
strength [14, 15].

When aged at 150°C for one hour, that is the peak
aged condition, the slopes of the graph decrease as
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Fig. 1. The experimental alloys’ true stress-true strain curves
at under-aged condition.
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Fig. 2. The experimental alloys’ true stress-true strain curves
under peak-aged condition.
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Fig. 3. The experimental alloys’ true stress-true strain
curves under over-aged condition.
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displayed the under-aged condition (Fig. 2). These
can be explained through the dislocation theory. It
has already been stated that Sn forms imtermetallics
with Cu Additionally it forms intermetallics with trace
impurities comes from the casting environment and Pb
does not form to active in intermetallic formation as
Sn. The low number of fine precipitates acts as barrier
to dislocation movement resulting in increased tensile
strength especially for Sn added alloy. Considering of
precipitates Sn added alloy, Pb added alloy and pure Cu
follow the increase in tensile strength by solder affected
alloys. These precipitation sequences are reflected in the
form of ductility minima [13].

When the alloys are aged at 400°C for 1 h, the slope
of the stress-strain curves get higher as it reached at
over-aged conditions (Fig. 3). This is due to dislocation
rearrangement, recovery and precipitation coarsening
of the alloys. Dispersed fine precipitates to form coarse
precipitates which lose its resistive properties to inhibit
dislocation movement [16 - 18]. As a result, higher
elongation is observed by all the alloys.

Young’s modulus

The result of Young’s modulus of the discussed
samples under three different ageing condition is
presented in Fig. 4. A minor in increasing of the Young’s
modulus of the elements’ added alloys are observed
at under aged condition. These differences can be
concluded by solute solution strengthening where Sn
doped alloys show the higher effect as it form different
intermetallics also. At the peak aged condition except
the base material Cu, all the alloys are achieved some
magnitude. Pure Cu losses its strength due to ageing
so some reduction occurs in Young’s modulus. For
other alloys, some precipitates are forms which hinder
the dislocation movement as a result lower elongation
and higher tensile strength. So, the proportion of these
parameters called the Young’s Modulus move to the
higher direction. As usual Sn doped alloys display
the higher values for the higher level of intermetallic
formation. Similarly, at over aged condition the alloys
show the lower strength along with higher elongation as
aresult a drastically decrees in the modulus. High ageing
temperature rearranges the dislocations through recovery
and recrystallization, and coarse precipitates are not as
effective as fine ones in imparting sufficient rigidity to
the alloy by inhibiting dislocation movement [13].
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Microhardness

The microhardness behaviour of the experimental
alloys under the mentioned aging conditions was
measured to compare, and the average values are
displayed in a bar chart shown in Fig. 5. The hardness
outcomes align completely with the tensile behaviour
observed during the aging process of the alloys.
Typically, minor added alloys exhibit higher hardness
values compared to pure copper at the beginning
due to the solid solution strengthening of Sn and Pb
phases. Higher hardness for Sn added alloy is due to its
different crystal structure from Cu as well as Pb has the
similar crystal lattice to Cu. The FCC and BCC lattice
alloys exhibit different supersaturated solid solution
patterns with higher internal stress than that of both
similar lattices. In this case cold rolling also initiates
to form complex structure. One thing may be noted
that atomic size of the Sn is higher than Pb as well as
Cu. As a result, the addition of Sn to the Cu matrix
accelerates the internal stress. Pb element does not form
any intermetallic with Cu, but Sn does. Solder affected
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Fig. 4. Variations in the experimental alloys’ Young’s
modulus at them under aged, peak aged and over aged
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Fig. 5. Variations in the experimental alloys’ micro hardness
at them under aged, peak aged and over aged situation.
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alloys bear the highest hardness for both alloying effects.
At the peak aged condition element added alloys show
some improvement of hardness. It may be elucidated
that ageing treatment help to form different intermetallic
with impurities as deposited during casting which
contributes significantly to the alloy’s strengthening.
These intermetallics hinder the dislocation movement
under ageing treatment so such type of nature observed
[19]. At the over aged condition, all the alloys drastically
losses its hardness. Due to extensive coldworking, the
strain energy associated with various lattice defects, such
as dislocations and vacancies, is significantly increased,
resulting in improved hardness. When subjected to
higher temperatures during the aging process, several
important phenomena occur, including stress relief,
dislocation rearrangement, recovery, recrystallization,
and grain growth in the alloys. This temperature-induced
atomic migration within the crystal lattice leads to a
reduction in the number of dislocations, ultimately
causing a change in hardness. As recovery progresses,
the deformed grains soften and the subgrains rotate
and change to a new orientation. It is important to
acknowledge that annealing encompasses the process
of recrystallization, wherein a blend of cold working
and subsequent heating induces the formation of fresh
stress-free crystals within a matrix [20, 21].

Impact toughness

Another bar chart as in Fig. 6, provides the
parameters of impact toughness for four samples at
those three mentioned ageing conditions. Except the
base sample Cu, all other minor added samples lose its
impact energy due to solid solution strengthening. The
impact energy declines at peak aged condition. It can
be attributed to formation of the precipitation phases
as discussed earlier. These precipitation sequences
are reflected in the form of ductility minima. Fine
precipitates act as early nucleation sites for micro voids.
As a result, there is a decline in the fracture resistance
behaviour of the material. The precipitated particles’
pinning effect also decreases total elongation. As usual
Sn reacts more for its higher intermetallics formation.
Again, at the over aged condition the energy reduces
more, it may clarify as over ageing condition owing to
microstructural change through equax grain like cast
alloys as well as precipitation coarsening which stay at
grain boundary [22, 23].
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Fig. 6. Variations in the experimental alloys’ fracture
toughness at them under aged, peak aged and over aged
situation.

Optical micrograph

Optical micrographs of solution treated in addition
to 75 % plastically deformed discussed alloys are shown
in Fig. 7a - d. It is also aged for 60 min at 150°C to
reach their peak aged condition. All the microstructure
consists of heterogeneous grains by dispersed in rolling
directions. Extensive plastic deformation destroys
grain boundaries to form subgrains. The minor addition
of elements does not provide the foremost differences.
But some deviations can be distinguished between
alloys as grain boundaries are relatively thin for Cu,
followed by Pb doped, Sn doped, and solder affected
alloys. Copper materials contain the minimum number
of impurities like Fe, C, P, etc., so the intermetallics
are smaller in both quantity and size during solution
treatment. Tin forms denser grain boundaries than
lead because alloys with FCC Cu and BCC Sn lattices
exhibit different supersaturated solid solution patterns
than similar lattices of both Cu and Pb. Additionally,
the atomic size of Sn is larger than that of Pb as well as
Cu, so tends to allocate to grain boundaries resulting in
denser grain boundaries for alloys containing Sn. Both
material effects dominate the dense boundary of the
solder affected Cu [15, 24].

SEM analyses

The impact of solder and individually Sn and Pb
on the fracture behaviour of pure Cu was explored by
SEM analysis as shown in Fig. 8. To determine the
fracture surface, cold rolled by 75 % alloy samples
were subjected to aging treatment at 150°C for 1 h and
concurrently put through to tensile test. The tensile
fracture mode of highly deformed Cu is mixed
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Fig. 7. Optical microstructure of (a) pure Cu, (b) Cu - Sn, (c) Cu - Pb and (d) Cu - Sn - Pb samples with solution-treated
that were 75 % cold-rolled and aged for 60 min at 150°C.
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100pm GCE-BUET 16-Jul-18 I 100um GCE-BUET 16-Jul-18
M M

WD 8.0mm 11:54:42 WD 8.0mm 12:04:57

Fig. 8. SEM fractography of (a) pure Cu, (b) Cu - Sn, (c) Cu - Pb and (d) Cu - Sn - Pb samples that aged at 150°C for 60
min and tensile tested at a strain rate of 10 s
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intergranular and trans-granular ductile fracture (Fig.
8a). Trace second-phase particles distributed along
grains and grain boundaries promote microcracks and
are the main cause of fracture failure. Several small
dimples are observed which confirm the typical nature
of ductile fracture. Alloys containing minor addition
consist of fewer dimples with deep equiaxed volume.
Additionally, some smooth and flat areas interspersed
with bright ridges are observed. It is because of fracture
initiated through thicker grain boundary as created
by the elements. Whereas Sn addition demonstrates
the deeper dimple for its higher atomic size (Fig. 8b).
Since Pb does not form various intermetallic, as well as
lower atomic size than Sn resulting low deeper dimples
(Fig. 8c). The solder-affected alloy fully mimics the
constitutive nature of combining Sn and Pb fracture
surfaces (Fig. 8d) [13].

CONCLUSIONS

The following can be drawn as conclusions from
the above study of mechanical and fracture behaviour
of solder affected copper:

Minor Sn-Pb solder has a great impact on the
strength of the commercially pure copper. Solute solution
strengthening is responsible for these. Sn shows high
strength than that of Pb due to its BCC crystal structure
which is different from FCC Cu crystal structure like Pb.
In addition, Sn forms different intermetallic with Cu as
well as impurities which naturally present in cast alloys
but Pb does not form intermetallic with Cu. At higher
ageing temperature deteriorates alloys strength due to
over ageing effects.

In case of true stress true strain aged alloys display
the lower slop as formed precipitate hinders the
dislocation movement. At higher ageing temperature
the slop rises due to precipitates coarsening through
recovery and recrystallization of the alloys.

Minor added alloys losses its impact strength due to
solid solution strengthening and reduces more at peak
aged condition to form the fine precipitates. These act
as the early nucleation site for microvoids resulting
decrease in the fracture resistance and ductility minima
of the material.

The microstructures of all four samples exhibit
elongated grain at the rolling direction and relatively
thick grain boundaries of minor alloying elements due

to the presence of different particles. The fracture surface
also indicates such particles that inhibit dislocation
movement as well as ensure high strength.
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