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Strength and electrical conductivity of Cu–9Fe–1.2Co filamentary
microcomposite wires
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Abstract

The strength and conductivity of drawn Cu–9Fe–1.2Co microcomposite wires combined with intermediate heat treatments have been
investigated. During cold working the primary and secondary dendrite arms are aligned along the drawing direction and elongated into
filaments. The strengthening in Cu–Fe–Co microcomposites results from the presence of the aligned Fe–Co filaments and correlates with
the fineness of the microstructural scale. The predicted strength using the Hall–Petch equation is 789 MPa, which is in reasonably good
agreement with the observed strength (855 MPa). The increase of conductivity in Cu–Fe–Co after intermediate heat treatments at 4508C
is attributed to the precipitation of Fe and Co atoms which were dissolved during heavy deformation processing. The tensile
strength /electrical combination of 855 MPa/53.3% IACS was achieved in Cu–9Fe–1.2Co microcomposite at the cold drawing strain
h56.2.  2000 Elsevier Science S.A. All rights reserved.
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1. Introduction the relatively low cost of iron compared to the other
possible insoluble b.c.c. phase. However, the relatively

Microcomposites fabricated by mechanical working of high solubility of iron in copper at high temperatures in
ductile two-phase mixtures prepared by various techniques Cu–Fe system, coupled with the slow kinetics of iron
have been the subject of considerable research [1–6]. precipitation at low temperatures [8,9] is known to reduce
Tensile strengths greater than those predicted by a rule of the electrical conductivity. For this reason studies aimed at
mixtures are observed in heavily cold worked mi- optimizing strength and conductivity have employed ther-
crocomposites. The tensile strengths of deformation pro- mal /mechanical treatments [8,9]. Previous studies have
cessed microcomposites have been shown to correlate with been mostly directly to binary Cu–Fe microcomposites
filament spacings, leading to a Hall–Petch type relation- containing over 15 vol.% Fe [1,8,9]. With the reduction of
ship [3]. Spitzig et al. [3] showed that the strength of Fe content, the conductivity is expected to increase at the
heavily cold-worked Cu–Nb microcomposite wires in- expense of the strength, which could result in Cu–Fe
creased as the spacing between filaments decreased. The microcomposites with favorable mechanical and electrical
particularly attractive feature of these microcomposites is properties. In this study, the structure–property relation-
the combination of high strength plus high electrical and ship in thermo-mechanically processed Cu–9Fe–1.2Co
thermal conductivity [1–6]. Since the solid solubility of microcomposites was examined.
alloying element in Cu matrix for these microcomposites is
quite small, the conductivity of the copper is not substan-
tially reduced by the addition of alloying elements. It has 2. Experimental
been demonstrated that the similar mechanical properties
were observed in other deformation processed mi- Billet of Cu–9wt.%Fe–1.2wt.%Co was prepared by
crocomposites such as Cu–Cr, Cu–Ta and Cu–Fe [7]. induction melting in air. The alloy was melt in a magnesia

The Cu–Fe system is of particular interest because of crucible and cast into a steel mold maintained at 2008C.
The melt was deoxidized with the addition of Li-con-
taining deoxidizer. Cylindrical billets were about 60 mm in*Corresponding author.
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cylindrical billets was carried out at 5008C, reducing the Cu at low temperatures is negligible and Co is completely
billets from 60 mm diameter to 24 mm diameter. The soluble in Fe [10]. Fig. 3a,b shows the transverse (Fig. 3a)
extruded rods were then rod rolled to 6 mm in a series of and longitudinal (Fig. 3b) sections of drawn Cu–Fe–Co
steps and subsequently drawn into wires, using successive- wires. The ribbon-like morphology of the filaments is
ly smaller dies, to a minimum diameter of 1 mm without clearly evident on the transverse sections (Fig. 3a). On the
(sample NN) or with (sample AA) three intermediate heat longitudinal sections (Fig. 3b), the alignment of the
treatments at 4508C. The cold drawing strain h after high filaments with wire axis is readily apparent. The average
temperature extrusion is 6.2, where h5ln(A /A) and A widths between filaments calculated using an image ana-0 0

and A are the original and final cross-sectional areas, lyzer were 1.6 mm for Cu–Fe–Co wires.
respectively. The reduction in area during cold drawing is Fig. 4 shows the variations in hardness with the per-
99.2%. centage of drawing reduction in Cu–Fe–Co wires without

The evaluation of tensile mechanical properties of wires (sample NN) and with (sample AA) intermediate heat
was carried out on a United machine equipped with an treatments. The micro-vickers hardness was found to
nextensometer using specially designed wire grips. All increase gradually with the percentage of drawing reduc-
tensile tests were performed at room temperature using a tion and the hardness increase rate shoot up beyond 90%

24 21strain rate of 5.5310 s . The evolution of the micro- reduction. Hardness dropped after intermediate heat treat-
structure was examined by optical microscope and SEM ment and recovered rapidly with further reduction in area
(scanning electron microscope). The width of Cu matrix as shown in Fig. 4. Although the final micro-vickers
between filaments were determined using an image ana- hardness was not greatly influenced by intermediate an-
lyzer (Leica Q5001W with Leica Qwin software). Fracture nealing, the wires could be drawn to a long wires
surfaces of the tensile specimens were examined in a SEM following heat treatment at 4508C. Without heat treatment,
(JSM 5410) to characterize fracture behavior. Electrical the maximum wire length after drawing to 1 mm in
resistivity measurements were made using a standard four- diameter was about 30 cm.
probe technique. The ultimate tensile strength (UTS) of Cu–Fe–Co wires

with intermediate heat treatments (AA) was observed to be
855 MPa. The UTS of Cu–Fe–Co wires without inter-

3. Results and discussion mediate heat treatment (NN) were not obtained because
wires over 50 cm are needed to wind the wire grips for

Fig. 1 shows optical images of the morphology of the Fe tensile testing. However, since the micro-vickers hardness
dendrites in the as-cast ingot. Fig. 2a,b shows the EDS of Cu–Fe–Co (NN) are a little larger than that of Cu–Fe–
spectra from Fe dendrite (Fig. 2a) and Cu matrix (Fig. 2b) Co (AA) as shown in Fig. 4, the strength of Cu–Fe–Co
of Cu–Fe–Co ingot. It is interesting to note from these (NN) are expected to be a little greater than that of
EDS spectra that Co atoms are mostly observed in the Cu–Fe–X (AA). The strengthening in Cu–Fe–Co mi-
filaments and the Cu matrix is almost free of Co atoms. crocomposites results from the presence of the aligned
This result is consistent with the observations that Co in filaments and correlates with the fineness of the micro-

Fig. 1. Cast structures of Cu–9Fe–1.2Co microcomposites.
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may include the lattice friction and precipitation
strengthening. The coefficient k was reported to be 1.0

3 / 2MN/m [11]. In Cu–Fe–Co microcomposites, the fric-
tion stress may be assumed to be negligible compared to
the high strength of filamentary structure [6]. The pre-
dicted strength using Eq. (1) is 789 MPa, which is in
reasonably good agreement with the observed strength
(855 MPa). The slight difference is associated with the
intrinsic friction stress of Cu matrix.

The conductivity of Cu–Fe–Co wires with intermediate
heat treatments (AA) were found to be approximately
53.3% IACS, whereas Cu–Fe–Co wires without inter-
mediate heat treatments (NN) showed relatively low
conductivity (40.2% IACS). It is interesting to note that
the electrical conductivities of wires increased after inter-
mediate heat treatments.

The resistivity of Cu–Fe–X microcomposites can be
partitioned into the contribution of four scattering mecha-
nisms [12–14] as follows:

r 5 r 1 r 1 r 1 r (2)Cu–Fe–X pho dis int imp

where r is the resistivity contribution from phononpho

scattering, r is dislocation scattering, r is the interfacedis int

scattering, and r is the impurity scattering. Based onimp

detailed TEM studies, Verhoeven et al. [12] suggested that
resistivity in heavily drawn Cu base microcomposite wires
is mainly due to electron scattering at Cu–Nb interfaces.
The observation that the filament spacing, filament thick-
ness, and electrical conductivity decrease in proportion to
wire diameter suggests that interface scattering is pre-
dominant in Cu–Nb microcomposites [11–13]. Since the
microstructure of Cu–Fe–Co microcomposite is similar to
that of Cu–Nb microcomposite, the resistivity in heavily
drawn Cu–Fe–Comicrocomposite wires is mainly due to
electron scattering at Cu–Fe interfaces. However, the
electrical conductivity of Cu–Fe microcomposite is gener-
ally lower than that of Cu–Nb microcomposites [8,9,13].
The higher resistivity of Cu–Fe wire is suggested to be due
to a higher contribution from impurity scattering, rimp

[8,9,13]. Cu matrix dissolves considerably more Fe than
Nb at temperatures above around 250–3008C and Fe has a
very large resistivity decrement in Cu [13]. Jerman et al.
[13] investigated the temperature dependence of the resis-
tivity in Cu–Fe and found that the resistivity increased

Fig. 2. EDS spectra from Fe dendrite (a) and Cu matrix (b) of Cu–9Fe–
dramatically starting at around 5008C due to the large1.2Co.
contribution of r . They [13] also observed that theimp

resistivity of Cu–Fe, after furnace cooling to room tem-
perature, remained significantly high due to a significant

structural scale. Therefore, the strength of Cu–Fe–Co amount of dissolved Fe, which did not readily precipitated
microcomposites can be described by the following Hall– from solid solution.
Petch equation: The increase of conductivity in Cu–Fe–Co after inter-

mediate heat treatments at 4508C is attributed to the
21 / 2

s 5 s 1 kl (1) precipitation of Fe and Co atoms which were dissolved0

during heavy drawing. It is well known that some precipi-
where s is the friction stress, k the Hall–Petch coefficient tates dissolve and the solubility of impurities and alloying0

and l the spacing between filaments. The friction stress elements increases in the region of severe deformation
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Fig. 3. Microstructures of transverse (a) and longitudinal (b) sections of Cu–9Fe–1.2Co microcomposite wires.

[5,15]. The relatively high solubility of iron in copper at Hill [17] found that the dendrite structure of Cu–Fe–Co
high temperature, coupled with the slow kinetics of iron was finer than that of Cu–Fe–Cr. The addition of Cr to
precipitation at low temperatures make it difficult to Cu–Fe is known to limit the liquid solubility of iron in
achieve the low solubility levels in Cu–Fe microcompo- copper, making it difficult to obtain evenly distributed
sites. The precipitation of impurities and alloying elements dendrites [16]. Cobalt is known to reduce the stacking fault
during intermediate heat treatments would increase the energy and grain boundary energy in the Co–Fe system
conductivity due to the reduced impurity scattering [18], implying that the interphase energy of Fe dendrites
[12,13]. may be reduced by the addition of Co. In this case, the

In this study, the tensile strength /electrical combination nucleation of Fe dendrites is easier with the addition of Co,
of 855 MPa/53.3% IACS was achieved in Cu–9Fe–1.2Co resulting in the finer dendrite structure [17]. Cu–9Fe–
microcomposite. Verhoeven et al. [9] reported that UTS 1.2Co has a slightly better strength /conductivity combina-
values of 1000–1200 MPa were obtained at the IACS level tion than Cu–Fe–Cr alloys [16,17] at similar drawing
of 53% in Cu–20wt.%Fe microcomposites. The relatively strain, which may be associated with the finer micro-
lower strength in the present study may be due to the lower structure.
volume percentage of Fe filaments and relatively lower
drawing ratio. It is also possible that the oxygen content in
Cu–9Fe–1.2Co in the present study is higher than that in 4. Conclusions
Cu–20wt.%Fe of Verhoeven et al. [9] since Cu–9Fe–
1.2Co was melted in the air. Hodge et al. [16] found that Based upon a study on the strength and conductivity of
the conductivity of air-melted Cu–25Fe–1.5Cr wire was Cu–Fe–X microcomposite wires, the following conclu-
40–50% at the strength level of 700–900 MPa. Hong and sions can be drawn.
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and Co atoms which were dissolved during heavy
deformation processing.
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