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Abstract:  High strength and high conductivity Cu-based materials are key requirements in high-speed railway and high-field
magnet systems. Cu-Fe alloys represent one of the most promising candidates due to the cheapness of Fe compared to Cu-Ag
and Cu-Nb alloys. The high strength of Cu-Fe alloys primarily relies on the high density of the Cu/Fe phase interface, which is
controlled by the co-deformation of the Cu matrix and Fe phase. In this study, our main attention was focused on the defor-
mation behavior of the Fe phase using different scales. Cu-2.5% Fe-0.2% Cr (in weight) and Cu-6% Fe alloys were cast, an-
nealed, and cold drawn into wires to investigate their microstructure and properties evolution. Cu-6% Fe contains Cu matrix and
Fe, which become the primary particles in the micrometer scale after solution treatment. Cu-2.5% Fe-0.2% Cr contains Cu ma-
trix and Fe precipitate particles in a nanometer scale after solution and aging treatment. The Fe primary particles were elongated
and evolved into ribbons in a nanometer scale while the Fe precipitate particles were hardly deformed even at a drawing strain of
6. The reason for the unchanging characteristics of Fe precipitate particles is due to the size effect and incoherent phase interface
of Cu matrix and Fe precipitate particles. The strength of both Cu-6% Fe and Cu-2.5% Fe-0.2% Cr alloys increases with the
increase in the drawing strain. The electrical resistivity of Cu-6% Fe gradually increases and that of Cu-2.5% Fe-0.2% Cr keeps
almost constant with the increase in the drawing strain.
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1 Introduction due to their high strength and high conductivity

(Mattissen et al., 1999; Tian et al., 2011; Jia et al.,

Cu-based in situ filamentary alloys prepared by
heavy cold processing, such as using Cu-Nb, Cu-Cr,
Cu-Fe, and Cu-Ag, have been studied for decades
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2013; Raju et al., 2013; Deng et al., 2014; Pantsyrny
et al., 2014; Wang et al., 2014). These high strength
and high conductivity alloys are expected to be used
as conductor materials in high-field magnet and re-
cently developing high-speed railways.

In these alloys, the second elements always
have limited solubility in Cu at room temperature.
The microstructure of these alloys contains a Cu ma-
trix and second phase. During the cold drawing, both
the Cu matrix and second phase are elongated and
evolved into filamentary structures at high drawing
strains. The density of the phase interface increases
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as the diameter and interval of the second phase de-
creases. The strength of the heavy drawn alloys sig-
nificantly exceeds the predicted strength by the rule
of mixture for high drawing strains. The abundant
phase interface is thought to play a major role in the
strengthening behavior of these alloys. The produc-
tion of abundant phase interface relies on the co-
deformation of the Cu matrix and second phase.
Much attention was focused on the deformation be-
havior of the alloys, especially the second phase, dur-
ing cold drawing. The co-deformation of Cu-Ag al-
loys has been well documented in our previous study
(Liu et al., 2011a). Since both Cu and Ag phases be-
long to the face centered cubic (FCC) phase, and they
have a cube-on-cube orientation relationship, the two
phases could keep an almost synchronous co-
deformation during cold drawing. However, the co-
deformation of the Cu-body centered cubic (BCC)
(Cu-Nb, Cu-Cr, or Cu-Fe) system is very complicated
(Spitzig et al., 1987; Biselli and Morris, 1996; Sin-
clair et al., 1999). The BCC phase has a different dis-
location slip system in association with a Cu matrix.
Moreover, the BCC phase always has different strain
hardening characteristics in association with a Cu
matrix. Some general criteria for the co-deformation
of FCC-BCC alloys were stated by Sinclair et al.
(1999), including the resolved shear stress, the angle
between the incident and activated systems, and the
resulting configuration at the phase interface. The
original Nb dendrites in Cu-Nb alloys always have a
scale of tens of micrometers (Spitzig et al., 1987).
The Nb dendrites gradually evolved into Nb ribbons
with a scale of nanometers at high drawing strains.
When included in Cu-Cr alloys, original Cr dendrites
and Cr-Cu eutectic always have a scale of several
micrometers. Both the Cr dendrites and Cr-Cu eutec-
tic gradually evolved into ribbons at high strains with
a large scale of nanometers, because Cr appears in

two microstructure morphologies (Raabe et al., 2000).

Similar situations occur with the Fe primary
dendrites in Cu-Fe alloys (Biselli and Morris, 1994;
Xie et al., 2011). In our previous studies, the strain
of Fe dendrite linearly increased with an increase in
the drawing strain up to 6, and deviated from the
linear relationship when the drawing strain was
higher than 6 in Cu-12% Fe (in weight) (Lu et al.,
2014). The thickness, width, and spacing of Fe rib-
bons in the filamentary structure exponentially de-

creased with an increase in the drawing strain. The
density of the interface between Cu and Fe phases
exponentially increased with an increase in the as-
pect ratio of Fe ribbons. In addition, for the Fe pri-
mary dendrites, plenty of Fe precipitate particles
were produced in the solution and aging of the Cu-Fe
alloys (Monzen and Kita, 2002; Watanabe et al.,
2008). These Fe precipitate particles have an initial
scale of only several nanometers. Whether the de-
formation behavior of these nano-particles is the
same with that of the micro-dendrites in Cu-Fe alloys
still remains unclear. In this study, Cu-2.5% Fe-0.2%
Cr and Cu-6% Fe (in weight) alloys were used to
prepare Fe nano-particles and Fe micro-dendrites.
The deformation behavior between Fe nano-particles
and Fe micro-dendrites was compared and analyzed.
The evolution of the mechanical and electrical prop-
erties of both alloys was investigated based on the
microstructure analysis.

2 Materials and methods

Cu-2.5% Fe-0.2% Cr and Cu-6% Fe alloys were
melted in a vacuum induction furnace and cast into
cylindrical ingots of 22 mm in diameter in a copper
mold. According to the Cu-Fe phase diagram, the
maximum solubility of Fe in Cu is 4.1% at 1098 °C.
In this study, we chose Cu-6% Fe to obtain primary
Fe dendrites, and chose Cu-2.5% Fe-0.2% Cr to ob-
tain precipitate Fe particles. Very little Cr addition in
Cu-Fe alloys was found to be able to promote the
precipitation of Fe and to strengthen the Fe precipi-
tate (Hong and Song, 2001; Song et al., 2001). The
Cu-2.5% Fe-0.2% Cr ingots were homogenized at
900 °C for 8 h, and solution treated at 1050 °C for
4h followed by water quenching, then aged at
700 °C for 33 h. The Cu-6% Fe ingots were homog-
enized at 900 °C for 8 h, and solution treated at
1050 °C for 4 h followed by water quenching. The
surface layer of the ingots was turned off to remove
the surface oxides and defects. The ingots were cold
worked by rolling and drawing to a drawing strain of
17=6.6, where 17 =In(4/A), and Ay and A4 are the orig-
inal and final transverse section areas, respectively.
No intermediate annealing was applied to the drawn
wires.
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Ultimate tensile strength was determined at am-
bient temperature using an electronic tensile testing
machine at a strain rate of 2x10° s™'. Electrical re-
sistivity was measured at room temperature using a
standard four-point technique. The microstructure
was observed by optical microscopy (OM), scanning
electron microscopy (SEM, Hitachi S4800, Japan),
and transmission electron microscopy (TEM, FEI
F20, USA). TEM observation was carried out in the
TEM operating at 200 kV. The TEM samples were
prepared by mechanical thinning to about 40 um and

then ion milled at 4 kV with an incidence angle of 8°.

The energy-dispersive spectrometer (EDS, Oxford
INCA, UK) equipped in F20 was used to perform
composition analysis.

3 Results

The microstructure of the solution treated Cu-
6% Fe alloy consists of Fe primary particles and Cu

grains with an average diameter of 75.7 um (Fig. 1a).

The Fe primary particles with an average diameter of
4.8 um are dispersed in the Cu grains or near the
grain boundaries. The microstructure of aged Cu-
2.5% Fe-0.2% Cr alloy consists of Cu grains with an
average diameter of 97.3 um (Fig. 1b). No Fe prima-
ry particle was observed in the microstructure of

Cu-2.5% Fe-0.2% Cr, which is different with the
microstructure of Cu-6% Fe. TEM results show that
there are plenty of Fe-rich precipitate particles with
an average diameter of 52.4 nm in the Cu matrix
(Fig. 1c). EDS results of these particles indicate that
the particles mainly contain Fe elements and some
Cr elements (Fig. 1d). The signal of the Cu element
should come from the surrounding Cu matrix. Se-
lected area electron diffraction (SAED) patterns are
shown in Figs. 1e and 1f. When the electron beam is

almost parallel with [Tll]Fe, only a pair of spots of

{200} ¢, are observed. There is a misfit angle of 8°
between (200)c, and (110)g.. When the electron
beam is almost parallel with [011]c,, only a pair of
spots of {110} r. are observed and are nearly parallel
with the {220} ¢,. In a word, the SAED investigation
indicates that there should be no special orientation
relationship between the Cu matrix and Fe particles
in either Cu-2.5% Fe-0.2% Cr or Cu-6% Fe alloys.
After heavy drawing, the original equal-axial
Cu grains in the Cu-6% Fe alloy were elongated
along the drawing direction (Fig. 2a). The Fe prima-
ry particles were also elongated and evolved into
parallel Fe ribbons. At the transversal section of the
drawn specimens, the Fe ribbons exhibit a curved
morphology with an average thickness of 68.4 nm
(Fig. 2b). The formation of the curved ribbon-like
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Fig. 1 Optical images of solution treated Cu-6% Fe (a) and aged Cu-2.5% Fe-0.2% Cr (b), TEM image of aged Cu-
2.5% Fe-0.2% Cr (c), EDS spectra of a precipitate particle pointed by white arrow in Fig. 1c (d), and SAED patterns of

Cu matrix and Fe particles when the electron beam is almost parallel with [Ill]Fc (e) and [011]¢, (D
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morphology has been widely observed in Cu-Fe and
Cu-Nb alloys (Spitzig et al., 1987; Biselli and Morris,
1996; Liu et al., 2013; Deng et al., 2014). The com-
posites were reported to be highly textured: Nb had a
<110> orientation whereas Cu had <111> and <100>
textures (Raabe et al., 1992; 1995a). The reason was
fully explained that the BCC phase was forced to
curl and fold due to the constraint of the surround-
ing FCC matrix, which is able to accommodate axi-
ally symmetric flow (Bevk ef al., 1978). The micro-
structure of the Cu-2.5% Fe-0.2% Cr alloy on the
longitudinal section is similar to that of the Cu-6%
Fe alloy, while there are only Cu filaments in the
Cu-2.5% Fe-0.2% Cr alloy (Fig. 2¢). High density
of dislocation was observed inside the Cu filaments.
Further investigation of the zone with high density
of dislocation found many dislocations surrounding
the Fe precipitate particles (Fig. 2d). The Fe precipi-
tate particles still keep most of their spherical mor-
phology, which indicates that they undergo little
deformation during the drawing. The average di-
ameter of the Fe precipitate particles is 62.2 nm in
the Cu-2.5% Fe-0.2% Cr alloy at 7=6, which is al-
most the same with that in the aged Cu-2.5% Fe-
0.2% Cr alloy. High resolution transmission electron
microscopy (HRTEM) investigation was employed
to analyze the interface structure between the Cu

matrix and Fe particles. When the electron beam is
almost parallel with [100]g., no low-index of Cu ma-
trix is parallel with the electron beam. Both planes of

(110)ge and (1 TO)Fe are clearly observed while near-

ly no lattice plane of the Cu matrix is visible as
shown in Fig. 2e. When the electron beam is almost

parallel with [011]c,, both planes of (llT)Cu and

(11 T)Cu are clearly observed as shown in Fig. 2f. At
the same time, the planes of (110)g. are visible but
are not parallel with neither (111)., nor (11 1, -

The HRTEM investigation indicates that there
should be no special orientation relationship between
Fe precipitate particles and the Cu matrix, which
agrees very well with the results of the SAED pat-
terns. The interface structure of Fe precipitate parti-
cles and the Cu matrix also shows typical incoherent
phase interface characteristics.

Fig. 3 gives the mechanical and electrical prop-
erties of Cu-2.5% Fe-0.2% Cr and Cu-6% Fe alloys
at various drawing strains. For comparison, the prop-
erties of pure Cu are also given in Fig. 3. The
strength of the tested alloys increases with the in-
creasing drawing strain. The strength increasing rates
of Cu-2.5% Fe-0.2% Cr and Cu-6% Fe alloys are
higher than that of pure Cu. The electrical resistivity
of the tested alloys changes slightly with the
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Fig. 2 SEM images of Cu-6% Fe at 776 longitudinal section (a) and transversal section (b), TEM images of Cu-2.5% Fe-
0.2% Cr at 7=6 low magnification of longitudinal section (c) and high magnification of Fe precipitate particles in the
white rectangle in Fig. 2¢ (d), and HRTEM images of a Fe precipitate particle embedded in Cu matrix when the electron

beam is almost parallel with [100]. (e) and [011]¢, ()
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Fig. 3 Ultimate tensile strength (a) and electrical resistiv-
ity (b) of Cu-2.5% Fe-0.2% Cr, Cu-6% Fe, and pure Cu
(Frommeyer and Wassermann, 1975; Heringhaus, 1998)
dependent on the drawing strain

increasing drawing strain. The electrical resistivity of
Cu-2.5% Fe-0.2% Cr and Cu-6% Fe alloys are obvi-
ously higher than that of pure Cu.

4 Discussion

Fe primary particles with a size of several mi-
crometers were drawn into nano-ribbons by heavy
drawing. However, Fe precipitate particles with a
size of tens of nanometers were hardly deformed.
Size effect should play a major role in different de-
formation behaviors of Fe primary particles and Fe
precipitate particles. Studies on mechanical property
of small size samples suggest that the flow stress of
the samples increases with the size decreasing, fol-
lowing a Hall-Petch like equation (Hangen and
Raabe, 1995; Legros et al., 2000):

o=ocytkd ", )]

where o and oy are the flow stress and the lattice
friction stress, respectively, d is the size of the sam-
ple, k is constant, and n=0.5—-1.0. Dunstan and Bush-
by (2013) indicated that the strength should be in-
versely proportional to the size of the samples, and
suggested that this effect could be explained by the
room of the sample to activate the dislocation source.
Namely, the smaller sample is stronger due to its
harder activation of the dislocation source. Accord-
ing to these results, the deformation of Fe precipitate
particles in Cu-2.5% Fe-0.2% Cr alloy should be
much harder than Fe primary particles in Cu-6% Fe
alloy.

Since Fe primary particles or Fe precipitate par-
ticles in tested alloys are embedded in the Cu matrix,
taking into account the interaction between Cu and
Fe phases during cold drawing, the plastic defor-
mation behavior should be more complex. Studies of
Cu-Ag alloys reveal that Ag precipitates produced by
aging treatment are rod-like and are dozens of na-
nometers in diameter (Liu et al., 2011b; Sitarama
Raju et al., 2013). These nano-scaled Ag precipitates
could be evolved into extreme fine nanofibers by
cold drawing. However, the nano-scaled Fe precipi-
tate particles kept almost spherical morphology and
underwent little deformation in this study. The main
reason may lie in the different dislocation slip situa-
tions between Cu-Ag and Cu-Fe systems. For the Cu
matrix and Ag precipitates, it has been confirmed
that Ag precipitates have a cube-on-cube orientation
relationship with the Cu matrix, that is <110>,4/
<110>¢, and {111}ax//{111}c, (Han et al., 2003;
Tian and Zhang, 2009). This orientation relationship
can be well maintained even when the Cu-Ag alloys
are heavily cold drawn (Liu et al., 2011b). The cube-
on-cube orientation relationship could guarantee Ag
precipitates have the same dislocation slip system
with the Cu matrix, which produces a greater benefit
for the co-deformation of both phases. For the Cu
matrix and Fe precipitate particles, the Fe precipitate
particles are spherical and have no special orienta-
tion relationship. Little or even no favorite slip sys-
tem of the Cu matrix is parallel with that of the Fe
precipitate particles, which provides little help for
the deformation of the Fe precipitate particles.

The evolution of Fe primary particles into Fe
ribbons greatly increases the density of the Cu/Fe
phase interface, which should be beneficial for the
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strength of the Cu-6% Fe alloy. It has been docu-
mented that the phase interface plays a major
strengthening role in the heavily drawn Cu-X (X=Nb,
Fe, Ag, Cr) alloys (Biselli and Morris, 1996; Wu et
al., 2009; Badinier et al., 2014). As a result, the Cu-
6% Fe alloy shows a much higher strength than pure
Cu. The strengthening situation in the Cu-2.5% Fe-
0.2% Cr is notably different with that in Cu-6% Fe.
Since the Fe precipitate particles are hardly de-
formed, the strengthening effect mainly results from
the precipitation hardening by the well-known Oro-
wan mechanism.

The resistivity of composites can be partitioned
into the contribution of four scattering mechanisms:
photon scattering, dislocation scattering, interface
scattering, and impurity scattering (Raabe et al,
1995b; Hong and Hill, 1999). The photon scattering
component can be ignored at room temperature. The
impurity scattering component is proportional to the
impurity concentration, which is almost constant
during the drawing process. The contribution from
the dislocation scattering component is about
0.2 uQ-cm, which is relatively low (Karasek and
Bevk, 1981). Therefore, the interface scattering
component plays a main role. The density of the
Cu/Fe phase interface in the Cu-6% Fe alloy increas-
es with the increase of the drawing strain, which
should enhance the electron scattering in the Cu-6%
Fe alloy. As a result, the electrical resistivity of the
Cu-6% Fe alloy slightly increases at 7<6 and greatly
enhances at 776 at which stage the Fe particles are
fully evolved into ribbons. However, the electrical
resistivity of the Cu-2.5% Fe-0.2% Cr alloy keeps
almost constant even at high drawing strains. Since
the Fe precipitate particles are hardly deformed, the
density of the Cu/Fe phase interface should be kept
nearly constant, and therefore the electrical resistivi-
ty has little change.

5 Conclusions

Cu-2.5% Fe-0.2% Cr and Cu-6% Fe alloys were
designed to compare the deformation behavior of the
Fe phase with different scales. Fe primary particles
with a size of about 5 pm were produced in the Cu-
6% Fe alloy by solution treatment. Fe precipitate
particles with a size of about 50 nm were produced

in the Cu-2.5% Fe-0.2% Cr alloy by a solution and
aging treatment. During the cold drawing, Fe prima-
ry particles were elongated and evolved into nano-
scaled ribbons. The density of the Cu/Fe phase inter-
face gradually increases with the drawing strain. As
a result, the strength and the electrical resistivity of
the Cu-6% Fe alloy also increase with the drawing
strain. In contrast, the Fe precipitate particles were
hardly deformed and kept their spherical morphology
even at #=6. High density of dislocation surrounds
the Fe precipitate particles. The strength of the Cu-
2.5% Fe-0.2% Cr alloy increases with the increase of
the drawing strain and can be described by the Oro-
wan mechanism. The electrical resistivity of the Cu-
2.5% Fe-0.2% Cr alloy keeps almost constant since
the density of the Cu/Fe phase interface shows hard-
ly any change during cold drawing. The size effect
and the incoherent interface of the Fe precipitate par-
ticles and Cu matrix play primary roles in the un-
changing of Fe precipitate particles during cold
drawing.
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BhiR Cu-2.5% Fe-0.2% Cr 1 Cu-6% Fe &4
WEMAL S5k
RE Cu-Fe &R FRFCK RSH Fe AH
(AR AT 9 B DX 5 o

M B:

B #:

F ik 1B HAEFETE Cu-2.5% Fe-0.2% Cr &4 153
PR H) Fe HriiAH, £ Cu-6% Fe HEFIRK
221 Fe HribAf; 2. @A Rk FRAEH &M
BEIRZB AT T 2k bt 3. AR EME . B
i FLBE RN B ST AL B SR O A 4, FEFH B
TFRIEHUM P hrom T, B AR #E DY AL &
FH%

s 1 BT R BEAE Cu-6% Fe &4 EIIRNY
5 um FIPIA Fe ki, 7E Cu-2.5% Fe-0.2% Cr &
SHAERARTZ 50 nm BIIRA Fe ki,
2. WI*E Fe BURITEV PRI FE Hp G AR R 22 7 IR 41
4k, Cu/Fe FHIHTHIZE & REA L BB N3G 0, M
MAE Cu-6% Fe 4 4 I 5 5 A L BH % 4P b 2 184
Ks 3. KA Fe FURLRIETE 77=6 [ 5 LR
T, RFEHERIGITEI, RN & 2% B 0 AL A R
8% Fe WkL; Cu-2.5% Fe-0.2% Cr &4&HITRE
BEAS T I N K, 3848 Orowan SRALALH;
Cu-2.5% Fe-0.2% Cr &4 MBI R JLFRFA
A%, N Cu/Fe HIFHTH % FEAE A T HGT FE A J L
A, 4, RFRUSA Fe A SRS Cu HE4AEK)
eGSR XS Fe M7 H H0URLLE v 437 O A Fp R AR
AR EEE.
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