Materials Science & Engineering A 849 (2022) 143484

Contents lists available at ScienceDirect

MATERIALS
SCIENCE &
INEERING

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

ELSEVIER

Check for

Excellent strength and electrical conductivity achieved by optimizing the  [%&s
dual-phase structure in Cu-Fe wires

Fei Yang ™", Liming Dong® ', Lichu Zhou ", Ning Zhang “, Xuefeng Zhou ?, Xiaodan Zhang ",
Feng Fang ™

& Jiangsu Key Laboratory of Advanced Metallic Materials, Southeast University, Nanjing, 211189, China

Y Department of Mechanical Engineering, Technical University of Denmark, Lyngby, Denmark

€ School of Automotive Engineering, Changshu Institute of Technology, Changshu, 215500, China
4 School of Mechanical Engineering, Southeast University, Nanjing, 211189, China

ARTICLE INFO ABSTRACT

Keywords: Cu-Fe alloy wire with high strength, moderate electrical conductivity and low cost, has a promising application
Cu—Fe. alloy o prospect in the electrical industry. In this study, high performance Cu80Fe20 wires were prepared by annealing
Electr}cal conductivity and drawing at room temperature (RT). Based on the X-ray diffraction and electron microscopy characterization,
Drawm_g L the influence of microstructural parameters on the mechanical properties and electrical conductivity of the wires
Dynamic recrystallization . B . . s .

Texture were analyzed. The pre-annealing at 500 °C, resulted in the nanoparticles precipitation of Cu in Fe-phase and Fe

in Cu-phase, respectively. The drawing deformation greatly improved the strength of wires, while did not result
in a significant reduction in the electrical conductivity. Cu nanoprecipitation promoted the refinement of the Fe-
phase during deformation, which result in a nano lamellar structure of the Fe-phase with an average boundary
spacing as low as 50 nm. Dynamic recovery and recrystallization of the Cu-phase were observed to occur during
the drawing at RT with the <112> texture and annealing twinning. The plasticity and electrical conductivity of
the Cu-phase were greatly preserved due to the drawing-induced dynamic recovery and recrystallization.
Moreover, the strength of the wire was greatly enhanced by the formation of a nano-lamellar structure in the Fe-
phase. Hence, the alloy wire at a strain of 3.94 had a high tensile strength of 863 MPa (125% higher than the
original strain-free wire), a total elongation of 5%, and the electrical conductivity reached 47 %IACS (only 8 %
IACS lower than the original strain-free wire), which shows higher cost properties than other copper alloys.

1. Introduction

Cu-based metal matrix composites (MMC) are widely used in the
industries of automobiles, electronics and communication due to their
high strength, the good thermal and electrical conductivity (EC) [1].
Metal transition elements with low solid solubility with copper, such as
body-centered cubic (Nb, Cr, Fe) or face-centered cubic (Ag, Al, Ni) el-
ements, are usually selected as the second phase in Cu-based MMC.
Among them, Cu-Fe alloy arising from its low raw material cost and
relatively high strength, can be applicated as a candidate for electro-
magnetic shielding conductor materials. Previous research has shown
that [2], there is a very high positive enthalpy between liquid Cu and Fe
phases. During the solidification process, y-Fe first precipitates, then a
peritectic reaction occurs, and finally, a mixture composed of Fe-rich

and Cu-rich phases is formed. Combined with the action of the high
solubility of Fe in Cu at high temperature and the slow diffusion speed of
Fe at low temperature, a small amount of Fe inevitably remains in the Cu
matrix, which is unfavorable to the EC of Cu phase [3]. For example, the
EC will drop by approximately 50% when the iron content in the copper
matrix reaches 0.05 wt% [4]. Therefore, promoting the precipitation of
Fe from Cu and improving its EC without sacrificing the strength of
Cu-Fe alloy has become a design strategy. For instance, the FeSi phase
precipitated after 0.4 (wt%) Si element was added into Cu-10%Fe [5],
and the alloy can obtain strength of 521 MPa and electrical conductivity
of 68.02 %IACS after cold rolling.

At present, Cu-Fe alloys with a high iron content (greater than 5 wt
%) are mainly prepared by spray deposition, powder metallurgy, and
combustion synthesis. The uneven distribution of Fe phase in the Cu
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matrix has been effectively solved. However, the disadvantages of these
technical processes are also obvious, such as large equipment invest-
ment, small ingot specifications, low density, low production efficiency,
and high production cost. To regulate the microstructure and properties
of Cu-Fe billets, Stepanov [6] cold rolled Cu-14% Fe, which led to a
significantly improved strength but seriously reduced plasticity simul-
taneously. Wang et al. [7] prepared Cu-10% Fe alloy plates by double
melt mixed casting and cold rolling. After cold deformation, the coarse
dendrite structure is broken, and the Fe phase is fiberized along the
rolling direction. The strength of alloy increases from the initial 340
MPa-543 MPa, at an expense of a catastrophic decreases of the EC from
56.7 %IACS to 13.5 %IACS. Similarly, after cold rolling of Cu-6.5Fe-0.3
Mg [8], the tensile strength and electrical conductivity reached 558 MPa
and 35.1 %IACS, respectively. After suffering cold rolling and annealing
[9], the CulOFe0.5Ag alloy obtains a hardness of 180HV and an elec-
trical conductivity of 35%IACS. Compared with rolling, cold drawing
can greatly improve the strength but reduce damage to the EC and has
become the main forming method for preparing high-performance
Cu-Fe alloy [10]. For example, Wang [4] cold drawn Cu-15% Fe pre-
pared by powder metallurgy and found that after suffering drawing
strain of 6, the tensile strength was increased to 1200 MPa, and the EC
was maintained at 47.6 %IACS. In terms of strength, Chatterjee [11]
investigated the strengthening mechanisms for as-cast Cu-Fe alloy, and
found that the change in strength is dominated by the morphology of Fe
phase [12,13] but less affected by the change in dislocation configura-
tion and grain size [14]. Spitzig [15] concluded that the density of
dislocation will not continue to increase with the increase of drawing
deformation processing, and the relationship between the strength and
layer spacing of Nb filaments in Cu—Nb wires conforms to the Hall-Petch
relation, and the former is considered to be equally applicable to the
Cu-Fe alloy [6,7]. For EC, almost all strengthening factors contribute to
lattice distortion, aggravate electron scattering and reduce the electron
transmission efficiency [16]. Therefore, in various metals, EC and
strength are contradictory. Achieving a combination of high strength
and good EC in Cu-Fe materials has become a major challenge [17].
Apart from that, current research on Cu-Fe alloy mainly focuses on the
preparation process. The characterization and analysis of microstructure
during cold drawing are not profound, especially the evolution of the
second phase and texture, as well as the effect of microstructural pa-
rameters on the both the mechanical performance and electrical con-
ductivity [18].

In this work, the Cu-20% Fe ingot was thermally deformed, and then
the insoluble coarse iron dendrites in the copper matrix were broken and
scattered so that the fine iron particles are uniformly distributed.
Annealing was taken to promote the precipitation of Fe in the copper
matrix to improve the EC of copper matrix. Finally, Cu-20 wt% Fe alloy
wire with high strength, high toughness and high EC were prepared by
cold drawing. The main purposes of this study are: (1) to take advantage
of microstructure characterization to clarify the evolution law for the
copper phase and iron phase during the drawing process; (2) to calculate
the formula revealing the main influence mechanism of the drawing
strain on the strength and EC.

2. Material and methods

Cu and Fe blocks with purities higher than 99.9% were selected as
raw materials, and an ingot with dimensions of ®50x250 mm® was
prepared by vacuum induction melting. The nominal composition of the
alloy ingot is Cu80Fe20 (wt%). The actual element content is measured
by direct reading spectrometer (MAXx LMF15, Spectro, Germany),
which is Fe 20.03 wt%, Cu 79.89 wt%, and the remaining impurity
element content does not exceed 0.08 wt%. The ingot was heated to
1000 °C in a pit-type resistance furnace and held for 30 min. The ingot
was slowly formed into a round bar by rotary forging at room temper-
ature. When the temperature of the bar is lower than 800 °C, it is put into
the furnace and reheated to 1000 °C for 10 min, and then the rotary
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forging is continued at room temperature, and finally a bar with a
diameter of 14 mm was obtained, the total forging strain (e) reaches
2.55. The calculation formula of drawing strain is ¢ = 2In(d, /d;), where
dy and d; correspond to the initial diameter and diameter of the wire
after the i passes drawing, respectively. After annealing at 500 °C for 1 h,
the alloy rod was machined to a diameter of 12 mm. Alloy wires with
different strains were obtained through the multi-pass drawing at room
temperature. The wires with diameter of 8.8 mm, 4.28 mm and 1.68 mm
were selected for microstructure characterization, the corresponding
drawn strain are 0.62, 2.06 and 3.94, respectively. The microstructure of
the alloy wires was characterized by optical microscopy and field-
emission scanning electron microscopy (Fei-Sirion). EBSD was also
used to analyze the microstructure and texture for the alloy wires at 20
kV and with a scanning step of 0.1-0.12 pm. After mechanical grinding
and polishing, the samples were surface treated by argon ion polishing,
and the HKL channel 5 software was used for the visualization of EBSD
data. XRD (Smartlab 3) was used to detect the changes in lattice constant
of both Cu-phase and Fe-phase. TEM samples were prepared by the
GATAN PIPS 691 ion milling system and observed by Talos F200X and
FEI Tecnai G2. The schematic diagram of tensile specimen geometry is
shown in Fig. 1. The tensile tests of wires were carried out at room
temperature with a strain rate of 5x10° s’!. The complete stress-strain
curve was obtained by using a uniaxial tensile testing machine
(CMT5105) equipped with an extensometer. Each group of samples was
tested three times. A HIOKI-RM 3548 ohmmeter was used to measure the
electrical resistivity of alloy wires, and the measurement accuracy was
within 0.1 pQ. To ensure the accuracy of the test, the wire after each
drawing pass was tested after cooling the sample down to room tem-
perature. Each wire was measured in three sections to obtain the average
value. The International Annealed Copper Standard (%IACS) was uti-
lized to calculate the EC of alloy wires, and the calculation by
W(%IACS) = gsresqer X 100%, where R is the resistivity of the
sample, L stands for distance between the measurement points, and S
represents the cross-sectional area of the alloy wires.

3. Results
3.1. Pre-treatment microstructure

Fig. 2 shows the perpendicular microstructure of Cu-Fe alloy rods
after different pre-treatments. As shown in Fig. 2a, coarse primary Fe
dendrites and some Fe particles are observed in the ingot, and the
growth of dendrites has a certain directionality (as shown by the arrow).
The subsequent hot forging deformation destroys the original oriented
dendrites with severe local deformation (Fig. 2b). After annealing at
500 °C, the Fe particles (the darker one in Fig. 2¢) are more uniformly
dispersed in the Cu matrix, and the average size of the particle is 3.2 +
1.1 pm (upper right corner in Fig. 2c). Based on the XRD pattern in
Fig. 2d, the Cu-Fe alloy is only composed of Cu and Fe phases in the
500°C-annealed samples, and also in the drawn wires.

After the 500°C-annealing, the Fe and Cu phase exhibit random
crystal orientation, as shown in the IPF figure (Fig. 3a). The thick black

Clamping end | ‘Clamping end| | ©
Lo
Lc
Lt
Lo=100mm Le=150mm Lt=250mm

Fig. 1. Schematic diagram of the tensile specimen geometry. The ‘d’, ‘Ly’, ‘L.’
and ‘L, refers to diameter, original gauge length, free length and total length,
respectively.
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Fig. 2. Microstructure and phase identification of Cu-20%Fe (a) ingot, (b) hot forged, (c) annealed and size distribution of Fe, (d) the XRD pattern.

line shows the high-angle grain boundary (HAGB, >15°), the thin green
line shows the low-angle grain boundary (LAGB, 2-15°). In the Cu
matrix, a large number of annealing ¥3-twin boundaries (red lines in
blue area in Fig. 3b) are also identified. Fig. 3¢ shows the nano-Fe pre-
cipitates in the Cu matrix, and based on the HRTEM analysis in Fig. 3(d-
e), the nanoparticle is identified as bcc-Fe and shares a clear crystal
orientation relationship with Cu matrix, that (111)c,//(110)ge.

In the Fe-phase, Fig. 3f shows that the high-density copper-rich
particles with an average size of 65 nm are evenly distributed. The select
area electron diffraction (SAED) confirms that the Fe-phase and Cu-rich
particles share a Kurdjumov-Sachs (KS) orientation relationship,
(111)¢y//(110)ge and <011>¢y//<111>pe (Fig. 3g). A large number of
dislocations were observed in Fe-phase (Fig. 3h). These dislocations are
formed during the hot forging and inherited. It can be speculated that
the precipitated Cu-rich particles also suppressed the dislocation re-
covery in Fe-phase during the 500°C-annealing. Unlike the high-density
independent dislocations in Fe-phase, there are relatively few disloca-
tions in the Cu-phase, it is because 500 °C is high enough for the
recrystallization of Cu matrix.

3.2. Microstructure of cold drawn alloy wires

Fig. 4 shows the phase distribution and orientation of the wires at
different drawing strains. After low drawing strain deformation (¢ =
0.62), the Fe phase is slightly elongated, and shows a <110> texture.
However, the elongated structure and preferred orientation of Cu phase
are not obvious (Fig. 4a). As € increased to 2.06 (Fig. 4b), the Fe phase
exhibits a serious fiber structure which is parallel to the drawing di-
rection, while the Cu grains just show a slight refinement. When drawing
strain reaches to ¢ = 3.94, the Fe fiber is further refined, but the frag-
mentation is also evident (Fig. 4c). At this time, copper shows strong
<111> texture.

The average size of copper grains in transverse and longitudinal di-
rections are measured by the intercept method, and the statistic results
are shown in Fig. 4d. Although the alloy wires were seriously drawn
from ®12 mm to ®1.6 mm, the length and thickness of Cu grains were
only decreased by 50%. The aspect ratio of copper grains was measured
to maintain between 1.6 and 2.5, which is much lower than that of pure
drawn copper wires (with a maximum of 4.6) [19], indicating that the
Cu phase did not suffer from severe elongation and refinement defor-
mation. It is noticed that, orientation of Cu phase changes a lot during
the drawing process, as shown in Fig. 4e. The volume fraction of <111>
texture increases monotonically with the drawing deformation pro-
cesses, the <112> texture first increases and then decreases, and ach-
ieves the peak value when the drawn strain reaches around 2.06.

Fig. 5 shows the microstructure evolution of copper particles in the
iron phase during drawing. When € = 0.62, a slight deformation occurs
along the drawing direction, and the shape changes from spherical to
ellipsoidal. At ¢ = 2.06, the copper particles are obviously elongated to
form a flat lenticular structure. At a strain of 3.94, a fibrous structure
intersecting the Fe matrix sheet is formed. The variation of the thickness
of Cu particles is statistically in Fig. 5d. From spherical particles to fiber
structure, the size of rich Cu phase is also refined from 70 nm to 10 nm,
indicating that Cu particles in Fe phase are seriously elongated by
drawing deformation. The thickness of Fe fiber at drawn strain of 3.94 is
displayed in Fig. Se. It can be found that due to the existence of Cu fibers,
the thickness of Fe fiber in Cu-Fe wires is only 1/4 of that of pure Fe wire
at the same drawing strain [20], even lower than the refining limit of
pure Fe fiber, it is about 80 nm at the drawn strain of 10.35.

Fig. 6 shows the bright field TEM images of the copper phase in
drawn wires. When the strain is 0.62, the drawing leads to a large
number of dislocations. The nano-iron particles in the copper matrix pin
the dislocation glide, leading to a large number of dislocations piled up
around the second phase. When the strain increases to 2.06, dislocation
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Fig. 3. Microstructure of the annealed Cu-20%Fe alloy (a) Inverse pole figures, (b) EBSD phase distribution diagrams, (c¢) HRTEM of the Cu phase, (d) solid red frame
in ¢, (e) FFT (Fast Fourier Transform) of d, (f) bright field image of the Fe phase, (g) select area electron diffraction, (h) dislocation morphology in two phases. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cells and dislocation substructures are formed along the drawing di-
rection. After severe drawing deformation at ¢ = 3.94, significant
elongation deformation occurs in the drawing direction of the copper
grains. Unlike the severe elongation deformation of the Fe phase, the Cu
phase was not refined severely. The average width of the transverse
grain is measured to be 200 + 40 nm, which is much bigger than that of
the Fe fiber (approximately 50 + 10 nm), as shown by the white dotted
line in Fig. 6¢. At the same time, it is observed that a large number of
nano iron particles continue to exist in the copper matrix in the form of

ellipsoids (shown by the yellow solid line), indicating that these iron
particles are less affected by the drawing deformation.

3.3. Mechanical and electrical properties

The tensile properties of Cu-Fe alloy wires corresponding to different
drawing strains are shown in Fig. 7a, and the tensile properties are listed
in Table 1. The pretreated alloy is provided with an ultimate tensile
strength (UTS) of 380 MPa and total elongation (TE) of 33.5%. As the
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Fig. 4. Microstructure and texture for the Cu-20%Fe alloy wires (a;, a;) € = 0.62, (by, by) € = 2.06, (c1, ¢3) € = 3.94, (d) grain size of Cu phase and diameter of Cu-Fe

wires versus drawn strain, (e) the texture component of Cu matrix.

drawn strain increases, the tensile strength of the Cu-Fe alloy wires
continues to increase at the cost of reduced plasticity. When the drawing
strain is 3.94, the UTS increases to 863 MPa, and the TE decreases to 5%.
It should be noted that, the strength and plasticity are better than that of
pure copper wire (UTS <450 MPa, FE < 2%) at the same strain [19], and
higher than that of Cu-Fe alloy plate obtained by cold rolling process [6,
7,10]. Fig. 7b shows the EC evolution of Cu-Fe alloy wires corre-
sponding to the drawing strain. The change in EC can be divided into
four stages: 1st € < 0.4, the EC decreases significantly from 54.7 %IACS
to 50.96 %IACS; 2nd 0.4< & < 1.16, the EC increases; 3rd 1.16< € <
1.85, the EC is nearly stability to approximately 54 %IACS; 4th ¢ >1.85,
the EC decreases monotonically. Generally, in the process of plastic
deformation, the dislocation density and interface density will increase
by orders of magnitude in the alloy, thus increasing the dislocation
scattering resistivity and interface scattering resistivity [4].

3.4. Comprehensive performance comparison

For copper alloys, the tensile strength and EC are the most important
properties. The distribution of EC and UTS of various copper alloys is
displayed in Fig. 8a [4,7,13,19,21-32]. It can be seen that copper and
Cu-Ag alloys achieve better EC, while the UTS of Cu-Nb alloy is the
highest. However, for industrial applications, the alloying cost should be
taken into consideration. Divide the properties by the alloy unit price
(¥/kg), and the concept of cost properties is proposed, which is
expressed as UTS/cost and EC/cost respectively, as shown in Fig. 8b.
Pure copper occupies the lower right corner and is widely used in
non-load-bearing electrical fields, such as generator coils, vacuum tubes,

semiconductor wires, etc. The Cu-Nb and Cu-Ag occupy the lower left
position, and show the lowest cost properties, resulting in a limited
application of these materials. Among the existing alloy systems, Cu-Fe
exhibits higher strength, moderate EC and lowest cost. By adjusting the
microstructure through thermos-mechanical, the Cu—Fe alloys could be
provided with a wide distribution of comprehensive properties, which
occupies the center-upper part of the picture. The balanced compre-
hensive properties promise the application of Cu-Fe alloys in overhead
transmission lines, distribution lines, and construction lines. In this
work, a UTS of 863 MPa and an EC of 50 %IACS is achieved by cold
drawing. Compared to the annealed sample, the strength is more than
doubled while the EC is reduced by only less than 10%.

4. Discussion
4.1. Dynamic recovery and recrystallization (DRR) of Cu matrix

Generally, <111> and <100> fiber textures are formed in the single-
phase copper after the drawing deformation [19]. However, as shown in
Fig. 4, there are still a considerable number of copper grains with
random orientations. The orientation distribution function (ODF) of ®,
= 45° is employed to shows the detailed texture evolution of the
Cu-phase during the drawing, and the Miller indices corresponding to
the Euler angle are shown in Fig. 9. The annealed sample shows a
random texture which may be caused by the hot-forging. At e = 0.62, a
<111> texture forms in the Cu phase. At e = 2.06, the <111> texture
transforms to the <112> texture, and the <112> texture shows the
highest intensity. When the drawing strain is further increased to 3.94,
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Fig. 5. Bright field TEM and EDS for copper particles in Fe phase.(a) ¢ = 0.62, (b) ¢ = 2.06, (c) € = 3.94, (d) the thickness evolution of copper particles/fibers, (e) the

thickness evolution of iron fibers.

the Cu phase has a dominant <111> texture. According to the report,
the Schmidt factors of the <001> orientation is in the ranges of
0.42-0.46, which higher than that of <111> orientation, about 0.3-0.34
[19]. A smaller Schmidt factor represents a larger yield strength
required for deformation. Therefore, the yield strength of grains with
<111> orientation is greater than that of grains with <001> orienta-
tion. Hou [33] studied the contribution of texture to strength in drawn
aluminum wire, and the strength increased by only 18 MPa when the
volume fraction of <111> texture reaches 76%. Considering the highest
volume fraction of <111> texture in drawn Cu-Fe alloy wire is only
about 40%, the contribution of texture to strength is almost negligible.

According to Baudin’s research [34] on the annealing structure of
cold-drawn copper wire, the <112> texture can be considered as a result

of annealing. Due to the initial recrystallization temperature of
deformed copper is low, about 150 °C in nano-laminated copper [35],
high isolation thermal stress caused by drawing strain of the Cu-20%Fe
alloy results in continuous DRR of the copper phase. Although hot
forging and annealing are carried out before drawing, a small amount of
Fe element remained in the copper matrix, may inevitably increase the
critical temperature required for DRR of the Cu matrix. Fig. 10 shows a
typical annealing twin in Cu-phase observed in the wire at e = 2.06 up to
20 nm thick, which is wider than the nanometer thickness of deforma-
tion twins in copper alloys. It confirms that the DRR of Cu-phase occurs
during the drawing, together with the EBSD results.

Fig. 11 shows the boundary distribution and kernel average misori-
entation (KAM) of the cold drawn wires. It can be seen that in the
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Fig. 6. Bright field TEM for the Cu matrix in wires at strain of (a) ¢ = 0.62 (b) ¢ = 2.06, (c) € = 3.94, (d) element mapping of Cu in (c).
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Fig. 7. Cold-drawn Cu-Fe wires (a) Engineering stress-strain curve, (b) electrical conductivity versus drawing strain.

annealed samples (Fig. 11a;), the LAGB is mainly concentrated in the Cu
phase. Meanwhile, after drawing deformation the LAGB in Cu phase
decreased obviously but generated in Fe phase (Fig. 11b;-d;). The KAM
was utilized to characterize the degree of plastic deformation of the two
phases. In the annealed wires, the misorientation in Cu is higher than
that in Fe phase. Drawing deformation results in a decrease of the
misorientation in Cu and an increase in Fe phase. Interestingly, in the
wires with large strain (Fig. 11 dg), the misorientation in the copper
phase is more concentrated. According to the grain boundary

distribution, the serious mismatch area in the Cu phase is mainly focused
on the grain LAGBs (shown by the orange arrow). Therefore, it can be
inferred that in the drawing process, the isolation heat produced by the
two-phase material is higher than that of the single-phase copper wire,
and the DRR is more significant. Under the joint effect of work hard-
ening and DRR, the dislocations in the copper grain continue to prolif-
erate and recover. For the high-density dislocation region, dislocations
accumulate and annihilate at the dislocation cell wall, the cell wall ab-
sorbs dislocations, and dislocations gradually change into sub-grain
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Table 1

Tensile properties of cold drawn wires.

D/mm Strain UTS/MPa Elongation %
12.1 0 379.6 £ 4.5 335+1.3
8.88 0.62 506.7 + 3.4 134 +1.2
6.78 1.16 566.1 + 1.4 83+0.8
4.31 2.06 654.1 +£ 5.6 7.7 £0.9
2.77 2.95 756.3 + 6.3 7.1+0.9
2.3 3.32 802.2 + 5.2 5.8+ 0.5
1.68 3.94 863.4 + 4.7 4.0=+0.5
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boundaries with large misorientation. The larger the drawing strain is,
the more the newly formed grain boundaries are.

4.2. Mechanical properties

Stepanov [6] studied the mechanical properties of Cu-Nb and Cu-Fe
materials and concluded that the tensile strength and the average
spacing of the second lamella conform to the Hall-Patch relationship,
that is:

6c =00 + kA 03 1

where o is the stress required for dislocation slip in the copper phase
and iron phase, A represents the average spacing between Fe particles.
However, this conclusion is difficult to apply to present experiment, for
the following two reasons:

1) Only the influence of the second phase is considered, while the
contribution of dislocations and Fe solid solution to strength is
ignored. With the increase of drawing strain, the dislocation
morphology gradually changes from a single dislocation to disloca-
tion entanglement, dislocation cell and dislocation boundaries
(Fig. 6). The higher the dislocation density, the more strength
contribution from work hardening. Because the strengthening effect
of dislocations in FCC Cu with the BCC Fe is different, the dislocation
strengthening needs to be discussed separately;

Fig. 10. High resolution of an annealing twinning at € = 2.04.(a) morphology;
(b) the FFT pattern.

(bcr)” k3 ‘ " Min=0

5" Min=0 (do)“ \ "% Min=0

Max=11.2

Fig. 9. ODF at @, = 45° of (a) annealed, (b) ¢ = 0.62, (c) ¢ = 2.06, (d) ¢ = 3.94.
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Fig. 11. Boundary distribution and KAM of (a) annealed, (b) ¢ = 0.62, (c) € = 2.06, (d) ¢ = 3.94.

2) Through the drawing deformation, the fiber structure of copper and the solid solution can be expressed as [17]:
iron lamella intersection is formed in the iron phase, while the |
density of nano iron particles in the copper phase is low and the AG soiid solution =G(\5| +E) |,1|% /% )

degree of deformation is small. Considering the larger proportion of
the copper phase in the structure, it is one-sided to measure the

d, 1d
lamellar spacing in the Fe phase only by TEM. Therefore, the above n :f = Ed_c 3)
formula is not applicable to the drawn Cu-20% Fe material studied in * *
this work.

where § is the factor of lattice change,  is the shear modulus change
factor caused by alloying, and x is the atomic percentage of the solute
atoms in the matrix. Heterogeneous atomic solutes in Cu matrix may
lead to lattice distortion and hinder the dislocation glide, thus improving
considered in Cu-Fe alloys. The increase in the yield strength caused by the yield stress of the alloy. According to the HRTEM (Fig. 3d) result, the

Different from pure metal deformation, the effects on the strength
arising from the solid solution elements in the alloy should also be
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deviation of (111)¢, crystal plane spacing between the measured value
and the standard value is about +0.001 A. Therefore, the solid solution
strengthening could be negligible. In the Cu-10%Fe alloy, Wang [17]
calculated that the strengthening of the Cu matrix by the solid solution
of Fe element is only about 1.2 MPa. Then, the strength of the drawn
Cu-Fe alloy wires is mainly contributed by the dislocation strength-
ening, the boundary strengthening and second phase hardening.

Chatterjee [11] reports that the values for the strength enhancement
due to grain refinement and dislocation of Cu and Fe can be calculated
through the Hall-Patch formula and the dislocation strengthening
model, respectively. Then the contribution of strengthening factors can
be comprehensively analyzed by using the mixing law. The main
calculation formula is expressed as follows:

0, =0.220,r. + 0.780,c, 4)
where 0.22 and 0.78 represent the volume fraction of Fe and Cu,
respectively. 6y¢, is the contribution of grain refinement and dislocation
to strength, and the calculation formula is expressed as follows [36]:

()

Oycu =0Gp + Opis

66p =25+ 120d;° (6)
dcy is the grain size of the Cu phase, about 200 nm from Fig. 6¢, and the
ogg is calculated for 293 MPa, at a drawn strain € = 3.94. The opis can be
calculated by:

Opis :aMGb\/ﬁ (7)

In which, a is a constant and taken as 0.24 for FCC metals; M is the
Taylor factor of 3.06; G stands for the shear modulus, for Cu it should be
45.6 GPa; b represents the Burgers vector, the value is calculated by

%a = 0.256 nm, a is the lattice constant; p is measured by XRD on

behalf of the dislocation density, about 2.2 x 10'*/m?2. It should be
noted that the dislocation density of Cu-phase in cold deformed Cu-Fe
alloy is much smaller than that of the pure heavily deformed Cu. For
example, the dislocation density in Cu-phase in a cold rolled Cu-10%Fe
alloy plates is 1.2x10'*/m? while the drawn pure Cu wires are provided
with a dislocation density of 5-7x10"/m? [7,19]. As discussed above,
the DRR of Cu-phase during the drawing is responsible for the
low-density dislocation. Hence, the value of ops is calculated as 127
MPa. In addition, the contribution of the Fe-precipitation to the strength
of Cu-phase should be considered. In this study, it is found that small Fe
particles in Cu-phase maintain almost a spherical shape after drawing
deformation. It seems that the hard iron particles didn’t deform in the Cu
matrix and play as a barrier for the plastic deformation of the Cu phase.
As shown in Fig. 12a, the spherical nano iron Fe particles divide the
surrounding copper matrix into four sub-structures. This is quite
different from the precipitation hardening where the matrix has a high
density of nano-precipitates and very few dislocation boundaries. Thus,
the separate strengthening contribution from Fe particles is assumed

Materials Science & Engineering A 849 (2022) 143484

negligible. The strengthening of Fe iron particles in Cu could be merged
into grain refinement. Hence, the o, is estimated to be 420 MPa for the
presented Cu-Fe wire at € = 3.94.

According to the report of Feng et al. [20], the strength of Fe phase
based on dislocation and boundary strengthening can be comprehen-
sively calculated using Formula (8) as follows:

Oyre =62 + 5.9Gb x d) (8)
where 62 (MPa) is the fraction stress, calculated from the fully recrys-
tallized Fe wire.; G represents the shear modulus, approximately 81.7
GPa; b stands for the Burgers vector, 0.248 nm; and dp, is the average
lamellar spacing for Fe, which was measured from the HRTEM to be 54
nm (Fig. 5e). The nano-lamellar structure of the Fe-phase is also sepa-
rated by thin Cu nano-lamellae. The nano-lamellae Cu can hinder
dislocation slip, and large numbers of dislocations were pinned by the
phase boundary, as indicated by the white arrow as shown in Fig. 12b.
The average free path of dislocation motion will be reduced by thinning
the lamella, and the strengthening effect of the wire is more effective.
Therefore, the strengthening from the Cu/Fe nano lamellae are assumed
as boundary strengthening. According to the formula mentioned above,
the calculated o,r, is 2275 MPa. Based on Formula (4), the oy is esti-
mated to be 828 MPa. Taking into account the measurement error of the
fiber thickness, it is considered that the predicted value is in good
agreement with the measured yield strength of 824 MPa.

Above all, it can be found that the strength of the drawn Cu-20% Fe
wire is mainly related to the grain refinement. It should be pointed out
that the ROM law was considered not suitable for calculating the yield
strength of drawn Cu-Fe alloy wires in previous studies [18]. Since the
Cu particles in the Fe phase are continuously elongated during the
drawing process, the refinement of the Fe phase is more obvious than
that of pure iron wire drawing. In this work, we chose to use formula (8)
instead of formula (1) to calculate the strength of the Fe phase, and the
results show that the ROM method is still applicable to predicate the
strength of drawing Cu-Fe wires.

4.3. Electrical conductivity

The electrical conductivity is not only affected by environmental
factors and the intrinsic properties of materials but also related to
changes in microstructure, including dislocations, grain boundaries
(GBs), precipitated phases and solute atoms. Matthiessen et al. [37].
described this behavior as follows:

Q=Q,+Q,+Q,+9Q, ()]
where Q; represents the increment in the metal resistivity due to im-
purities and defects, Qg-dislocation scattering resistivity, €,-interface
scattering resistivity, Q;-solute scattering resistivity, and Q,-precipitate
strain field scattering resistivity. For the Cu-20% Fe alloy, the resistivity
of copper is much lower than that of iron, so the change in EC is mainly

Dislocation
pinning

\

Fe

Fig. 12. Wire with € = 3.94 (a) spherical Fe nanoparticles, (b) lamellar Fe fibers.
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related to the deformation structure of copper. The resistivity of dislo-
cation could be evaluated as [19]:

Q= p-Ay (10)
Where, p is the dislocation density in copper phase, and AQ, is the
dislocation electrical resistivity of Cu, as reported by 2x 10~2°Q. m3. In
cold drawn Cu-Fe wires, the p was measured to 2.2x10'*/m2. Then the
maximum value of Q4 was estimated about 0.004x10°® Q. m. Compared
with the intrinsic resistivity of copper 1.724x10°® Q. m, the increased
resistivity of dislocation is almost negligible. And grain boundary re-
sistivity could be expressed as [38]:

2 S
Qb = gAng (V)

Where, 4Qy is the grain boundary electrical resistivity of Cu, is 2.04 x

1D

1071Q-m?; £ is the GB area per volume, for tetra-kaidecahedral grains
usually taken as 2.37/d. Meanwhile, the Cu grains were seriously
elongated along the drawing direction (as shown in Fig. 6). Therefore,
the GB of Cu can be separated as the GB parallel to the axial direction
(GBp) and the GB vertical to the axial direction (GBv), respectively.
Electrons are transmitted along the axial direction in the wire, so the
electron scattering induced by GBv should be much greater than that
induced by GBp. Compared with the equiaxed structure, the elongated
grains are more conducive to the transport of electrons. However, the
values of resistivity induced by GBv and GBp cannot be acquired, then
the resistivity of elongated grains cannot be evaluated accurately. Wei
et al. [39]. calculated the influence of defects on EC in. The results show
that the effect of grain boundaries on electron scattering is far greater
than that of dislocations and vacancies, but only accounts for 25% of the
total increased resistivity. The resistivity increased by solid solution was
analyzed, and Q; can be calculated by Nordheim-rule [16]:

Q,=A-C-(1-D-C) 12)
Where, A and D is empirical constant and C is solute con-centration in
the matrix. Although the mutual solubility of copper and iron at room
temperature is very low, and annealing treatment promote the further
precipitation of the second phase, a small amount of solid solution ele-
ments will inevitably remain in the matrix. According to the result, the
interplanar spacing of (111)¢, is about 2.0865 A, slightly larger than the
standard value of 2.086 A. In annealed Cu-Fe alloy, the increase in
interplanar spacing of Cu is caused by the lattice expansion induced by
the solid solution of Fe. As shown in Fig. 13, the peak positions of the
copper phase and iron phase do not change for a strain of lower than

1
43.179
43199 44.519
Cu :
>
2 (111) o (110)
2
=
£=2.06
CuFe-annealed
|
CuFe-as cast :
|
1
1 1l 1 1 1y
42.0 425 43.0 43.5 44.0 44.5 45.0
2 Theta (°)

Fig. 13. XRD for Cu-20%Fe with 6 from 42° to 45°.
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2.06. When the strain increased to 3.94, the copper (111) peak shift to
the left, the lattice constants of the copper phase is increased, indicating
that more iron element dissolved into Cu matrix. Quelennec [40] also
report that the iron phase can be dissolved after high-pressure torsion to
form a supersaturated solid solution in the copper matrix. The content of
solid solution iron in the copper matrix can reach as high as 12 at%,
much higher than the solid solubility of iron in copper under equilibrium
conditions.

The relationship between electrical resistivity and average radius of

precipitates is established by Gibbs Thomson equation [41]:
Q, =AQp-exp (i(}’f:)
Where, AQp is the electrical resistivity coefficient of the precipitated
phase; y is the surface energy; V;, is the molar volume; R, is the molar gas
constant; T is the temperature and r is the diameter of the precipitated
particles. In formula (13), factors other than r can be considered as
constants. Therefore, it can be considered that the resistivity caused by
precipitation decreases with the increase of particle size. Although there
is a small amount of iron precipitates in the copper matrix, these pre-
cipitates are hardly affected by the drawing deformation (shown in
Fig. 12a), and drawing will not induce new particle precipitation.
Therefore, it can be considered that the resistivity caused by precipita-
tion remains almost unchanged in the drawing process. However, the
fragmentation of iron fibers will also produce a large number of fine
second phases, resulting in additional electron scattering. It can be seen
from Fig. 4 that, when e > 2.06, the Fe phase has been almost parallel to
the drawing direction. With the continuous increase of drawing strain,
the Fe lamellar is not only continuously refined, but also a lot of frag-
mentation. The fragmentation of Fe fiber will greatly increase the
interface density between Fe and Cu, and have a serious scattering effect
on electronic transmission. The effect of the phase boundary on the EC is
similarly described in the report of Zou et al. [17,18].

Fig. 7b shows that the change in EC can be divided into four stages
with the increasing number of drawing passes: In 1st stage, deformation
produces a large number of crystal defects and sub-crystals, resulting in
an increase in resistivity. In 2nd stage, the EC is increased significantly.
DRR reduces defects in the structure, and the copper grains and Fe phase
are elongated along the drawing direction, the resistivity caused by the
grain boundaries and phase boundary is reduced. In 3rd stage, the EC is
stable between strains of 1.16-2.06. At this stage, while the grains are
elongated to decrease the resistivity, and a large number of sub-grains
are formed in the Cu grains to increase the resistivity. Thus, an EC
balance is reached between DRR and plastic deformation. In 4th stage,
when the drawing strain is greater than 2.06, the EC continues to
decline. It is because that due to severe drawing deformation, the Fe
fiber is broken and partially dissolved, resulting in additional resistivity
due to the new phase boundary and solid solution. Besides, DRR is
inhibited due to the solid solution of iron and faster heat dissipation of
filaments, more small-angle misorientation is produced in the structure
with a drawn strain of 3.94, as shown in Fig. 11. Based on the above
analysis, it can be concluded that when e < 2.06, the EC of drawn Cu-Fe
wires is mostly affected by the morphology of copper grain; When e >
2.06, the EC is dominated affected by the strain-induced solid solution of
Fe element and the fragmentation of Fe fibers.

Apart from that, the lattice constant change obtained by the XRD,
HRTEM also shows interesting result. Fig. 14a shows a fiber structure
between Cu and Fe phase, and Fig. 14b is a local magnification diagram
of the red frame in Fig. 14a. The structure of phase boundary is seriously
distorted. Similar structures are also observed in heavily strained Cu-Nb
and Cu-Nb-Ag alloy, and are proposed to be a mechanical alloying and
amorphization [42,43]. Therefore, in 4th stage, the mechanical alloying
and amorphization of Fe in Cu-phase is believed to decrease the EC of
the alloy wire. But for the nano lamellar of Cu in the Fe phase, a rela-
tively complete coherent relationship remains after large strain drawing
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(a)

100 nm
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Fig. 14. (a) Fiber structure of Cu and Fe phase (blue area is the distribution of Cu elements); (b) the FFT of red frame. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

deformation, as shown in Fig. 15 (yellow represents Fe and blue is Cu).
Arising from the excellent plastic deformation ability of Cu, makes it
easier to produce coordinated deformation with the Fe phase, so the
coherent relationship is maintained. It is worth noting that, the defor-
mation of Fe phase is greatly affected by size. The micron Fe phase is
seriously elongated in the extension drawing direction, while the nano

Zr=[111] //

TR

Fe particles are hardly deformed. Besides, the coordination deformation
of the Fe particles in the Cu matrix is completely different from that Cu
particles in Fe phase. For example, the Cu particles in the Fe phase show
better coordinated deformation, while the deformation of Fe particles in
the Cu matrix is relatively difficult. The uncoordinated deformation of
the two phases may produce higher insulating heat, and lead to the

Fig. 15. Coherent relationship between Fe phase and the inside Cu fiber.
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drawing structure to be completely different from that of the single
phase.

Above all, to obtain higher strength while minimizing the reduction
of electrical conductivity. It is necessary to promote the fibrillation and
ultra-fineness of the Fe phase, and avoiding the fragmentation of Fe fi-
bers caused by severe drawing deformation. Then we propose a new
design strategy: Firstly, select appropriate drawing deformation Cu-Fe
alloy wire (the Fe fiber is not seriously broken); Then, the selected Cu-Fe
alloy wire is subject to intermediate annealing, to promote the precipi-
tation of Fe element from Cu matrix, and the annealing temperature
should not be too high to avoid the spheroidization of Fe fiber; Finally,
the annealed wires will be continue cold drawn at room temperature. It
is predicted to form a Cu/Fe nano-lamellar structure, which both
beneficial to strength and electrical conductivity. Relevant research
deserves our continuous attention in the future.

5. Conclusions

High properties Cu80-Fe20 alloy wires are prepared by a process
combining hot-forged, pre-drawing annealing and cold drawing. The
main conclusion could be concluded:

1) After pre-drawing annealing, both the Cu particles in Fe-phase and
Fe-particles in Cu-phase share a K-S orientation relationship with its
matrix, that is (111)ce//(110)pe, <011>¢u//<111>pe.

2) As the drawing strain increased to 3.94, the Cu phase is slightly

elongated along the drawing direction, and the nano Fe particles in

the Cu phase are less affected by drawing. The Fe phase and nano Cu
particles inside form a nano-lamellar structure along the drawing
direction.

The strength of Cu—Fe alloy is greatly affected by Fe lamellar spacing.

The refinement of Fe phase is more obvious due to the existence of

nano Cu fiber. The wire at a strain of 3.94, with an average boundary

spacing of 54 nm, had a tensile strength of 863 MPa and electrical
conductivity of 47 %IACS.

4) Atlow drawing strain, the EC is greatly affected by grain morphology
and dynamic recrystallization. When the drawing strain is greater
than 2, the decrease in electrical conductivity is related to the frag-
mentation of Fe fibers to increase the phase boundary and the partial
dissolution of Fe particles.
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