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Effect of preheating on the mechanical
properties of tough pitch copper made from
copper scraps

YOUNG MOK WON, KYU HWAN OH
Department of Metallurgical Engineering, Seoul National University, San 56-1,
Shinrim-dong, Kwanak-ku, Seoul 151-742, Korea

When hot rolled tough pitch copper is made from copper scraps, lead is intentionally or
unintentionally added to the melt. The major role of this lead seems to be the removal of
metallic tin by the formation of PbO-SnO,. A continuously cast and hot rolled copper rod
was preheated at temperatures between 673-1173 K for 1 h prior to cold drawing. The
maximum diameter of the PbO-Sn0O,, of 1-2 um, was obtained by preheating at 873 K. This
preheating temperature also produced the maximum decrease in the recrystallization
temperature and the maximum electrical conductivity of the 89.4% cold drawn wire within
the investigated experimental range. This can be attributed to a decrease in the dissolved
impurity concentration due to the growth of PbO-SnO, particles at that temperature. The
decrease in recrystallization temperature enhanced the room temperature multiple upset
weldability. When preheated at 1173 K, Zn,SnO, particles were formed, but the
recrystallization temperature increased and the electrical conductivity decreased due to the

dissolution of PbO-SnO.,.

1. Introduction

If tough pitch copper wires are produced by continu-
ous casting and subsequent hot rolling then copper
scraps may be used for economic reasons. When cop-
per scraps are used, the tough pitch copper contains
impurities such as lead, tin, iron and zinc that are
mostly in the form of complex oxides, which deterior-
ate hot workability, for example, breakouts during
continuous casting and surface cracking during hot
rolling. After cold drawing, such impurities deteriorate
the mechanical properties, the electrical conductivity
and the room temperature multiple upset weldability
of cold drawn wires. Such behaviours have been at-
tributed to the dissolution of impurities in the copper
matrix, which increases the recrystallization temper-
ature of copper. Smart and Smith [1-37] have studied
the effect of impurity elements such as iron, nickel and
cobalt on the recrystallization behaviour of commer-
cially produced high purity copper. In addition many
investigators have studied the effects of small amounts
of impurities on the mechanical properties of cold
drawn copper wires [4—7]. Pitt et al. [8] have studied
the effect of small amounts of silver, selenium and tin
on the recrystallization temperature of copper. They
reported that preheating had no effect on the recrys-
tallization temperature in the solid solution range of
alloying and that the greatest increase in the recrys-
tallization temperature was obtained by the addition
of tin. This is due to the solubility limit of tin in the
copper matrix being considerably larger than that of
other elements such as silver and selenium. A tin oxide
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was believed to be formed in the molten copper [9].
Later a thorough study of the effect of lead concentra-
tion on the annealing properties of cold drawn copper
wires was carried out by Aoyama et al. [10-13] and
Urao et al. [14]. When the cold drawn copper wires
containing lead as a major impurity were preheated
before cold drawing, the softening of the cold drawn
copper wires was accelerated compared to that of the
cold drawn copper wires without preheating. How-
ever, the preheating of a cold drawn wire containing
no lead showed no change in the recrystallization
temperature. It is thought that these phenomena are
due to a decrease in the lead dissolved in the copper
matrix and the formation of oxides containing lead.
However, no detailed understanding of the micro-
structural behaviour of the lead oxides in the copper
matrix currently exists.

The room temperature joining of copper wires is
achieved using the multiple upset or cold welding
process. This is a solid-state process in which pressure
is applied at room temperature [15]. A characteristic
of the process is the absence of heat, which is applied
externally. Generally cold drawn pure copper wires
are easily joined by multiple upset welding, however
cold drawn tough pitch copper wires are difficult
to join using this technique. This problem appears
to be related to the increase in the recrystallization
temperature of cold drawn copper wires containing
impurities.

The purpose of this article is to investigate the effect
of preheating on the formation of lead oxide and thus
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TABLE I Chemical composition of the hot rolled copper rod
made from copper scraps (ppm)

Cu Pb Sn Zn Fe Sb Bi As Ni Ag Se O

Bal. 482 39 95 23 93 64 11 104 47 13 295

Figure |1 Transmission electron micrographs of a lead containing
particle in the continuously cast bar made from copper scraps.
(a) Bright field image, (b) dark field image, (c) diffraction pattern
and (d) indexed pattern.

2046

C B
[ O [ ]
311 400
022 o 0O o
A
L o o 0 °
222 000 171
(e} O O
[} () [ ]
(d)

Figure I Continued.

the mechanical properties, the electrical conductivity
and multiple upset welding of cold drawn copper wire
made from copper scraps.

2. Experimental procedure

A tough pitch copper rod of 8 mm diameter was made
from the melting of copper scraps, followed by con-
tinuous casting and hot rolling. The chemical com-
position of the hot rolled tough pitch copper rod is
presented in Table 1.

The hot rolled copper rods were preheated at tem-
peratures from 673-1173 K for 1 h in air prior to cold
drawing, and were pickled in dilute H,SO, solution to
remove any surface oxide layer. The preheated copper



rods were cold drawn to a diameter of 2.6 mm at
a drawing speed of 10 m per min. The cold drawn
copper wires were annealed at temperatures between
413-873 K for 1 h. The Vickers hardness of the pre-
heated copper rods was measured under a load of
5kg. In addition the micro Vickers hardness of the
upset welded interface between cold drawn copper
wires that had been preheated at temperatures be-
tween 673—-1173 K was measured under a load of

X
0.1um ’
(b) _

100 g. Also annealed copper wires of a gauge length of
25mm were tensile tested at room temperature at
a crosshead speed of 10 mm per min. The recrystalliza-
tion temperature was determined by measuring the
tensile strength and elongation as a function of the
annealing temperature. The electrical conductivity of
the cold drawn copper wires was measured at room
temperature with a Double Bridge Type 2752. The
microstructures of the cast bar and the preheated

Tum
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Figure 2 Transmission electron micrographs of PbO-SnO, particles at various preheating temperatures. (a) As hot rolled, (b) 773 K,

() 873K, (d) 973K, (¢) 1073 K and (f) 1173 K.
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(e)
Figure 2 Continued.

copper rods were observed in a Philips CM20 trans-
mission electron microscope (TEM) equipped with an
energy dispersive spectroscopy (EDX). The TEM
specimens were jet-electropolished in a mixture of
33vol % nitric acid and 67 vol % methanol at
—30-40°C, 50-60 V. The microstructure of the
welded interfaces of the 89.4% cold drawn copper
wires were observed after etching with a solution of
20 g FeCls, 5ml HCI and 100 ml H,O.

3. Results and discussion

3.1. Microstructures

Fig. 1(a and b) shows typical bright and dark field
transmission electron micrographs of a lead contain-
ing particle in the continuously cast bar made from
copper scraps. The particle size was 0.05-0.1 um in
diameter and the typical shape was mainly observed
to be hexagonal. The majority of the particles in the
matrix were copper oxide (CuQO,) and the shape was
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Figure 3 The size of PbO-SnO, particles measured using the TEM
as a function of preheating temperature.

TABLE 11 Composition and crystal structure of lead containing particles in the hot rolled copper rod preheated for 1 h

Preheating temperature Particle composition (wt %) Structure
)
Pb Sn Zn Fe Ni Sb
As hot rolled 35.89 16.78 34.98 5.79 6.56 PbO-Sn0O,
673 38.59 18.76 30.14 5.96 6.55 PbO-Sn0O,
773 38.53 22.96 26.43 5.81 6.27 PbO-Sn0O,
873 10.17 16.48 36.23 37.12 PbO-Sn0,
973 61.01 14.69 4.05 20.25 PbO-Sn0O,
1073 74.59 9.83 15.58 PbO-SnO,
1173 64.58 35.42 PbO-Sn0O,
36.51 48.36 6.05 9.08 Zn,SnOy
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round. An EDX examination of the lead containing
particle indicated that the particle contained lead, tin,
iron, nickel and zinc. Fig. 1(c and d) shows an electron
diffraction pattern taken from a particle and its sche-
matic indexing diagram, respectively. The particle has

Figure 4 Transmission electron micrographs of Zn,SnO, particle
found in a hot rolled copper rod at 1173 K for 1 h. (a) Bright field
image, (b) dark field image, (c) electron diffraction pattern and
(d) indexed pattern.
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Figure 4 Continued.

a cubic crystal structure with a lattice parameter of
1.0 694 nm and is identified as PbO-SnO, by com-
parison with the JCPDS card. Thus the major role of
lead seems to be the formation of an oxide particle
which removes impurities such as tin, iron, nickel and
zinc in molten copper.

Fig. 2(a—f) consists of transmission electron micro-
graphs of PbO-SnO, particles observed in the hot
rolled copper rods preheated at various temperatures
for 1 h. The compositions analysed by EDX and the
crystal structures are listed in Table II. Fig. 3 shows
the size of PbO-SnO, particles measured from TEM
micrographs as a function of preheating temperature.
The size of PbO-SnO, particles in hot rolled copper
rod without preheating was 0.05-0.1 um as is shown
in Fig. 2(a). The particle size increased up to 1-2 pm
with increasing preheating temperature to 873 K as
can be observed in Fig. 2(b and c), and then decreased
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with further increase in the preheating temperature to
1173 K as can be observed in Fig. 2(d—f). The diameters
of PbO-SnO, particle clusters in the temperature
range between 873-1173 K were measured to be
0.4—1.0 um as compared to the diameters of individual
PbO-SnO, particles of 0.1-0.2 um. The particles
mainly had a hexagonal shape up to 8§73 K, and above
this temperature they started to dissolve into irregular
shapes. The relative fraction of lead in the PbO-SnO,
particles increased, whereas the relative fractions of
tin, iron, nickel and zinc decreased with increasing
preheating temperature between 973—-1173 K. These
results indicate that the concentration of impurities
such as tin, iron, nickel and zinc increases in the
copper matrix with increasing the preheating temper-
ature above 873 K.

Fig. 4(a and b) consists of bright and dark field
transmission electron micrographs of an oxide particle
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Figure 5 Vickers hardness of copper rod as a function of preheating
temperature.
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Figure 6 Electrical conductivity of cold drawn copper wire as
a function of preheating temperature.
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Figure 7 (—) Tensile strength and (— —) elongation of copper wires
as a function of annealing temperature at preheating temperatures
of (0) As hot rolled, ((0) 673 K, (A) 773 K and (e) 873 K and (b) (—)
Tensile strength and (— — ) elongation of copper wires as a function
of annealing temperature at preheating temperatures of; (e) 873 K,
(M) 973 K, (A) 1073 K and (<) 1173 K.
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Figure 8 Recrystallization temperature of the 89.4% cold drawn
copper wire as a function of preheating temperature.



220 - - 60

190 - 50
T ] C
s 160 7 C40 R
< ] L 5
=3 ] L. S
£ 130 r30 %
B ] 2
< 1 ¥ S
< 100 - 20 W
< ] C

70 - 10

40 +—rrrrr et 0

200 400 600 800 1000 1200
Preheating temperature (K)

Figure 9 (—) Yield strength and (- — —) elongation of 89.4% cold
drawn copper wire annealed at 513 K for 1h as a function of
preheating temperature.

containing tin, zinc, as major elements and also lesser
amounts of iron and nickel, which was found in the
copper rod preheated at 1173 K. The size of this par-
ticle was measured to be 0.2—0.5 pm and its shape was
mainly rectangular. The electron diffraction pattern
obtained from this particle and its index are presented
in Fig. 4(c and d) respectively. It has a cubic crystal
structure with a lattice parameter of 0.86574 nm and is
identified as Zn,SnO,4 by comparison with its JCPDS
card. The formation of an oxide particle containing
significant amounts of tin and zinc and lesser amounts

of iron and nickel in the copper rod preheated at
1173 K shows that the amount of tin, zinc, iron and
nickel in the copper matrix increases as the preheating
temperature is increased above 873 K.

3.2. Mechanical and electrical properties
Fig. 5 shows the Vickers hardness of the hot rolled
copper rod as a function of preheating temperature.
The Vickers hardness decreased to a minimum value
of 55 kgf mm ™2 at the preheating temperature of 873 K,
and slightly increased with further increases in the
preheating temperature. When copper rods were pre-
heated below 873 K, impurities in the copper matrix
were precipitated into PbO-SnO, particles as is
shown in Table II and with increasing the preheating
temperature, the particle size increased. Thus the
amount of impurities in the copper matrix and the
hardness of the matrix both decreased with increases
in the preheating temperature. However, when the
tough pitch copper rods were preheated above 873 K,
the amount of impurities such as tin and zinc in the
matrix increased as the preheating temperature was
increased as discussed in the previous section and the
hardness of the matrix also increased.

Fig. 6 shows the electrical conductivity of cold
drawn copper wires at room temperature as a function
of preheating temperature. A preheating at 873 K pro-
duces a maximum value of the electrical conductivity
of 100.03% IACS. The electrical conductivity of the
89.4% cold drawn copper wire preheated at 873 K
was 1% TACS higher than that of the as hot rolled
copper wire.

Figure 10 Optical micrographs of welding interface of the multiple upset welded copper wires at various preheating temperatures. (a) As hot

rolled, (b) 673K, (c) 773K, (d) 873 K, (¢) 973 K and (f) 1073 K.
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Figure 10 Continued.

Fig. 7(a and b) shows the effect of preheating temper-
ature on the tensile strength and elongation of the 89.4%
cold drawn copper wires at various annealing temper-
atures. Using this data the recrystallization temperature
could be obtained as a function of preheating temper-
ature as is shown in Fig. 8. A preheating at 873 K
produces the minimum recrystallization temperature of
463 K. The recrystallization temperature of cold drawn
copper wire preheated at 873 K was 90 K lower than
that of cold drawn copper wire without preheating.
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Fig. 9 shows the yield strength and elongation of
a 89.4% cold drawn copper wire that had been an-
nealed at 513 K for 1 h at various preheating temper-
atures. The yield strength and elongation at the pre-
heating temperature of 873 K show the minimum and
maximum values, respectively.

The results shown in Figs 3,5, 6,8 and 9 consistently
show that an increase in the PbO-SnO, particle size
due to preheating up to 873 K produces a decrease in
the concentration of impurities dissolved in the



matrix. This in turn decreases the recrystallization
temperature, the hardness and yield strength, and in-
creases the electrical conductivity and elongation of
the copper wires. Therefore, the maximum decrease in
recrystallization temperature obtained at a preheating
temperature of 873 K can be attributed to the minim-
ization of the impurity content dissolved in the matrix
due to the formation of PbO-SnQ,.

3.3. Multiple upset weldability

Fig. 10(a—f) are optical micrographs of the upset
welded interface of copper wire at various preheating
temperatures. The upset welded copper wire without
preheating was hardly welded as is shown in Fig. 10(a).
At the welded interface, white regions were observed
whose size increased with increasing the preheating
temperature up to 873 K and then decreased with any
further increase in the preheating temperature as is
shown in Fig. 10(b—f). Fig. 11 shows the micro Vickers
hardness across the welded interface of a copper wire
preheated at 873 K. The hardness near the interface
shows a lower value than that of copper wire. Fig. 12
shows the micro Vickers hardness in the centre of the
welded interface of copper wires at various preheating
temperatures. The minimum value of the hardness was
obtained for a preheating temperature of 873 K. As
shown in Fig. 8, the recrystallization temperature of
copper wire has a minimum at the preheating temper-
ature of 873 K. The above result shows that the white
regions near the welded interface are a recrystallized
region due to plastic deformation during upset
welding. The size of the recrystallized region increased
to 250 um with increasing the preheating temperature
up to 873 K as is shown in Fig. 10(b—d), but then
decreased with any further increase in the preheating
temperature. The lower recrystallization temperature
would produce a large recrystallized area at the same
plastic deformation due to upset welding [16]. The
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Figure 11 Micro Vickers hardness across welded interface of a cop-
per wire preheated at 873 K.
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Figure 12 Micro Vickers hardness in the centre of welded interface
of copper wires as a function of preheating temperature.

recrystallization temperature of copper wire preheated
at 873 K has the minimum value of 463 K and
the recrystallized area is the largest, as is shown in
Fig. 10(d).

4. Conclusions
In tough pitch copper made from copper scraps, the
major role of lead added to the melt seems to be
related to removing tin dissolved in the matrix by
forming PbO-SnO,. The formation of PbO-SnO,
was influenced by the preheating temperature. The
size of PbO-SnO, particles reached a maximum at
a preheating temperature of 873 K, which in turn
produced the maximum decrease in recrystallization
temperature and the maximum increase in electrical
conductivity of the 89.4% cold drawn copper wire.
When preheated above 973 K, the size of the
PbO-SnO, particles decreased, the recrystallization
temperature increased and the electrical conductivity
decreased due to the dissolution of PbO-SnO, par-
ticles. At a preheating temperature of 1173 K,
a Zn,SnO, particle was observed.

Acknowledgement

Gratitude is extended to Sun Jin Metals Co., Ltd. for
financial support and specimens which made possible
the research presented in this paper.

References

1. J.S.SMARTand A. A. SMITH, Trans. AIME. 147 (1942) 48.

2. Idem, ibid. 152 (1943) 103.

3. Idem, ibid. 166 (1946) 144.

4, M. FELLER-KNIEPMEIER and K. SCHWARTZKOPFF,

Acta Metall. 17 (1969) 497.

S. A. REID and C. J. BALL, Metals Tech. 1 (1974) 41.

6. V.J. MARINO, M. YOKELSON and G. J. FISCHER, Wire
J. 42 (1975) 60.

7. Y. T.HSUand B. O'REILLY, J. Met. 29 (1977) 21.

g

2053



10.

11.
12.
13.

C. H. PITT, P. L. TAYLER and D. L. VAN WAGONER,
Metall. Trans. 10A (1979) 809.

J. S. SMART, in “Copper: The Metal, its Alloys and Com-
pounds”, edited by A. Butts (Reinhold, New York, 1954)
p. 410.

S.AOYAMA, M. ONUKI, Y. MIYAKEandR. URAO, J. Jpn
Inst. Metals 51 (1987) 858.

Idem, ibid. 53 (1989) 452.

Idem, ibid. 55 (1991) 324.

Idem, J. Mater. Sci. 26 (1991) 3775.

2054

14.

15.

16.

R. URAO, S. AOYAMA, M. KAMINAGA, M. ONUKI and
Y. MIYAKE, Jpn Inst Metals 54 (1990) 1030.

R. L. O’BRIEN, “Welding Handbook” (American Welding
Society, New York, 1991).

G. E. DIETER, “Mechanical Metallurgy” (McGraw Hill,
New York, 1986).

Received 6 February
and accepted 2 July 1996



	1. Introduction
	2. Experimental procedure
	3. Results and discussion
	4. Conclusions
	Acknowledgement
	References

