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Abstract: Microstructure and mechanical properties of in situ Cu-7.7Nb microcomposite (MC) wires
manufactured by cold drawing with intermediate heat treatment (HT) have been studied. The evolu-
tion of Nb filaments morphology under various steps of deformation and modes of intermediate HT
have been studied by the SEM and TEM methods. According to X-ray analysis, internal microstresses
accumulate in the niobium filaments of the drawn MC, leading to a decrease in ductility. After heat
treatment, the ductility of the wire increases significantly, since the microstresses in the niobium
decrease even at the lowest HT temperature. The strength of the composite decreases under the HT
because of negative changes in morphology and interface density of Nb filaments. The <110>Nb
texture is stable under the HT up to 800 °C. The Nb filaments morphology and semi-coherent bound-
aries at Cu/Nb interfaces are restored under the post-HT cold drawing, leading to a sharp increase in
the strength of the MC wire. Reducing the niobium concentration to 7.7%NDb relative to the traditional
MC with 16-20%Nb and the recovery of the wire ductility under the HT makes it possible to obtain
long-scale high-strength microwires with an extremely small diameter of 0.05 mm and high ultimate
tensile strength of 1227 MPa.

Keywords: in situ Cu-Nb microcomposites; strength; mechanical properties; deformation; heat
treatment; microstructure; strain hardening; interface; microwires

1. Introduction

Various types of composite materials are presently studied to meet the growing re-
quirements of modern industries [1-4]. As a rule, these materials should demonstrate
a combination of enhanced properties, such as strength, ductility, durability, corrosion
resistance, etc. [5,6]. In the design of high-strength Cu-based alloys, the main problem is
to ensure high strength without losing ductility, because the movement of dislocations
promoting high ductility is hindered by internal obstacles (grain boundaries, second phase
particles) ensuring high strength. Modern electronics involves the requirements of minia-
turization, complexity and reliability of integrated circuits [7].

A special class of composites attracting great attention from materials science re-
searchers are two-phase composite wires based on FCC copper matrix with an addition
of BCC metals such as Fe, Cr, V and Nb, which demonstrate high strength along with
high electrical conductivity [8]. In this series, Cu-Nb composites are favorites, since their
ultimate tensile strength (UTS) can reach 2000 MPa (at 77 K), and the electrical conductivity
remains at a level of up to 82% of the electrical conductivity of pure copper, according to
IACS (International Annealed Copper Standard for annealed copper with electrical resistiv-
ity 1.7241 pQ-cm) [8]. Cu-Nb microcomposite (MC) wires with high UTS are required for
operation under extremely high mechanical loads, for example, as contact wires for high-
speed trains of railway transport and winding wires for high-field pulsed magnets [8-13].
The reinforcement of Nb3Sn-based superconducting wires with the Cu-18Nb inserts led
to a more uniform deformation of the wires under drawing and, as a consequence, to an
increase in their current carrying capacity [14,15].
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Cu-Nb billets for MC wires are obtained by the bundle and deform, and by the melt-
and-deform (the so-called, in situ) processes [11]. In the latter, nano-sized niobium filaments
are formed from Nb dendrites in a Cu matrix under drawing of a Cu-Nb billet obtained
by melting. For the fabrication of MCs, initial Cu-Nb billets are subjected to large plastic
deformation by multistage processes of extrusion followed by cold drawing or rolling.
At true strains of 1 > 6 (wheren =1n Ag/A, Ag and A being the cross-sectional areas of
a composite before and after deformation), the UTS of a Cu-Nb wire exceeds the UTS
of a copper—niobium composite calculated according to the rule of mixtures [11]. Such
changes in strength indicate the beginning of the microcomposite formation when a certain
relationship is established between crystal lattices of copper and niobium in the Cu/Nb
interfaces. For an achievement of extremely high strength (up to 2000 MPa) in the in situ
produced Cu-Nb MCs the heavy cold deformation with 1 of about 11 and higher is required.
Hence, to produce high-strength wires with a diameter of 0.1-0.4 mm the initial billets of
70-100 mm in diameter are used [16].

Note that in MCs, the interface area between the matrix and the reinforcing filaments
plays an extremely important role. It is known that two-phase composites based on BCC-
FCC crystal lattices (Cu-Fe, Cu-Cr, Cu-V, Cu-Nb) have higher strength than composites
based on FCC-FCC lattices (Ag-Ni, Cu-Ag) [8]. This difference is explained by more
branched interfaces between the components of BCC-FCC composites and, accordingly,
higher interface density compared to FCC-FCC composites. Under deformation, the FCC
filaments in the FCC matrix are reduced in diameter, but their shape does not change,
retaining a rounded cross-section. In contrast, under heavy drawing of bimetallic com-
posites with FCC matrix and BCC second component, the morphological transformation
of the BCC metal occurs, and its grains take the form of ribbon-like filaments uniformly
distributed in the FCC matrix.

In the Cu-Nb MC, thin ribbon-like niobium filaments are formed in the copper matrix
of the wire under high strain. These Nb-ribbons are elongated along the axis of the wire,
and have a complex curved shape in transverse sections [8,11,17,18]. Under drawing a
sharp axial texture <110>Nb is formed in niobium filaments, and a double axial texture with
a strong <111>Cu and a weak <100>Cu components is formed in the copper matrix [19].
It is known that in the high-strength Cu-Nb MC, the boundaries between the copper
and niobium grains at Cu/Nb interfaces are semi-coherent and, in some areas, even
amorphous [8,20-25]. In the case of semi-coherent boundaries, the misorientation angle
between (111)Cu and (110)Nb crystallographic planes is about 4-5 degrees. Note that
interfaces in two-phase MCs are of great importance because their high strength depends
on the area of the interface, which increases with strain [11,20,21,23,26].

The state of the Cu/Nb interfaces can be affected by the so-called grain boundary
wetting, which is observed in multiphase objects not only in the liquid but also in the solid
state [27]. The wetting of Cu/Cu boundaries was observed in Cu-Co and Cu-Ag alloys [28].
The presence of the grain boundary wetting phase strongly affects the mechanical and other
properties of multiphase objects [29]. In the NbzSn-based superconducting composites
produced by the bundle-and-deform method, this phenomenon was also observed, namely,
in the vicinity of Cu/Nb interfaces the Nb grains were wetted by Cu phase, and their
boundaries were rugged and comb-like [30]. However, no signs of wetting were reported
in in situ Cu-Nb composites.

Along with high strength of not less importance for practical application of Cu/Nb
MCs is their high electrical conductivity, which is ensured by an extremely low mutual
solubility of Cu and Nb, which is 0.15-0.20% Nb in Cu and 0.4-0.5% Cu in Nb [31]. A
great difference in melting temperatures (1356 K for Cu and 2740 K for Nb) and an absence
of intermediate intermetallic compounds make these two elements the best candidates
for the in situ fabrication of MC wires. Only under the high-pressure torsion (HPT), the
mutual solubility of Cu and Nb increases to 1.5 at % Nb in Cu and 10 at % Cu in Nb,
but, nevertheless, both phases are retained in contrast to the Cu-Fe composite, in which a
supersaturated solid solution of Fe in copper is formed [32-34].
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A specific feature of MCs studied in this research is the reduced to 7.7 wt.% concentra-
tion of niobium, in contrast to traditional Cu-Nb composites with niobium concentration
16-18 wt.% [11,16,17,19,20]. Reducing the niobium concentration makes it possible to
increase the wire ductility in order to produce the so-called microwires of small diameter
with high conductivity and high strength. In the last few years, the need for high-strength
microwires has sharply increased in a number of branches of industry, such as aerospace
engineering, microelectronics and computer technology. However, as the concentration
of niobium in the Cu-Nb MC decreases, an increase in strain is required to achieve high
strength. Thus, to achieve the UTS of 1200 MPa, a deformation with 1 =~ 7 for Cu-16%Nb
wire and with n &= 13 for Cu-8%NDb wire is required [35]. With an increase in deformation,
microstresses accumulate in composite wires, which reduces their ductility and leads to
the rupture of MC wire under drawing. In addition, it is known that with an increase in
deformation, the electrical resistance of two-phase MCs increases due to an increase in the
number of structural defects [35-37]. To minimize these negative factors, intermediate heat
treatments are required.

The goal of this research is to study the effect of strain and intermediate HT on the
strength, ductility and structure of Cu-Nb MCs with reduced to 7.7 wt.% concentration of
niobium. In this work, for the first time, the evolution of the structure of Nb filaments of
this composite is presented in detail depending on strain and annealing regimes. Based on
the results of this study, the authors will show what structural changes affect the strength
and ductility of this composite. The results of the study will help to justify the choice of the
optimal intermediate annealing temperature for the achievement of the best combination
of mechanical properties, and demonstrate which changes in the structure of the composite
have the greatest effect on its strength and plastic characteristics.

2. Materials and Methods

The Cu-7.7Nb in situ composites were produced by the Research and Production
Company (RPC) “NANOELECTRO”. The initial composite billets for MC wires were ob-
tained by the method of vacuum arc melting (in situ method) with a consumable electrode.
The initial content of niobium in the charge was calculated as 7.7 wt.%. To fabricate the
composite wires, high-pure niobium (99.9%) and high-pure oxygen-free copper (99.99%),
obtained by electron beam melting were used. The melted ingot of the Cu-7.7Nb composite
was placed in a copper tube and extruded at a temperature of 750 °C-800 °C to a diameter
of 45 mm. Then, the Cu-clad Cu-7.7Nb billet was subjected to multistep cold drawing to a
diameter of 0.05 mm with intermediate HT on the diameter of 2.54 mm. The intermediate
HT was carried out in three modes: 550 °C, 1 h; 700 °C, 1 h; and 800 °C, 1 h. In this study,
we investigated samples with varying true strain, from 1 = 3.21 (wire diameter of 9.02 mm)
ton = 13.6 (wire diameter of 0.05 mm).

The mechanical properties of the wires were measured in the RPC “NANOELECTRO”.
Tensile tests of composite wires were carried out on samples of 200 mm in length on the
Instron TT-DM testing machine at room temperature with an accuracy of 10 MPa.

For scanning electron microscopy (SEM) polished transverse and longitudinal sec-
tions of the samples were used. SEM images were obtained in SEM Inspect-F (FEI) at an
accelerating voltage of 20 kV in the mode of secondary electrons.

Transmission electron microscopy (TEM) was performed on a JEM-200CX (JEOL)
microscope on the foils of longitudinal and transverse sections of composite wire samples.
Mechanically thinned foils for TEM studies were polished in a mixture of acids (3 HNOs:
2 HzSO4Z 1 HF)

The calculations of average values of the perimeter, area, aspect ratio and interface
density of niobium filaments were carried out based on SEM images of transverse sections
of the samples. The specially written program for statistical image analysis of inclusions (in
our case, Nb filaments in Cu matrix) calculates the perimeter (Cu/Nb interface) and area of
all inclusions in an SEM image. The main steps of the program are as follows. Firstly, the
program converts the analyzed SEM image to the grayscale mode and then binarizes the
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image. Then, the program marks the boundaries of niobium filaments in the binarized SEM
image with red color (Figure 1a). The number of all red pixels corresponds to a perimeter
in pixel units of all Nb filaments in the image. By filling with red the entire cross-section
of the Nb filaments (Figure 1b), the program calculates the cross-sectional area (in pixels)
of all Nb filaments in the SEM image. The average interface l;, and average filament area
are calculated by dividing the total filaments interface or total filaments area in the SEM
image by the total number of filaments in this image, respectively. Then, the program
converts the results of the analysis in pixels into microns or nanometers, using the scale
bar of the SEM image. Based on the ratio of the perimeter to the area of the inclusions, the
program calculates the aspect ratio (AsR) of Nb filaments using the standard method of an
equivalent rectangle. Recall that an equivalent rectangle is a rectangle, whose area is equal
to the area of the analyzed element (in our case, the cross-section of Nb filaments).

Figure 1. SEM image of Cu-7.7Nb composite cross-section highlighted by the program for image
analyses: (a) perimeters (interfaces) of niobium filaments; (b) areas of niobium filaments.

The X-ray diffraction analysis (XRD) of the Cu-Nb composites was carried out by the
Empyrean (Panalytical) and DMAX-2200 (Rigaku) diffractometers with Cu K radiation.
The angle interval of 20 scanning was 30-140 degrees, the step of scanning was 0.02°
and the scan time was 0.4 s at a point. The calculation of the crystal lattice parameters
was carried out using the HighScore Plus 4.1 software package. The microstresses in Nb
filaments and Cu matrix were calculated by the conventional Williamson-Hall method
from the diffraction peaks broadening FWHM (full width at half maximum) with the help
of the JADE 6.0 software package as:

_ FW(S) - cos 6

-100% 1
4sin 0 00% M

where 1 is a microstress, FW(S) is an X-ray peak broadening by a sample, which is calculated
as the difference between the FWHM (full width at half maximum) of the peak and an
instrumental broadening, ® is Bragg angle in radians.

3. Results and Discussion
3.1. Mechanical Properties before and after HT

The main parameters of the studied samples at various steps of cold drawing before
and after intermediate HT at different temperatures are presented in Table 1.
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Table 1. Characteristics of the samples of Cu-7.7Nb wires.

. 1 UTS, ? 5,8
Sample Diameter, mm H MPa %
Cold drawing before HT
#1 9.02 3.21 470 7.0
#2 3.63 5.03 560 4.0
#3 2.54 5.74 574 3.0
HT at 550 °C/1 h
#4-0 2.54 5.74 380 27.0
Cold drawing after HT 550 °C/1 h
#4-1 0.27 10.21 1073 1.4
#4-2 0.05 13.6 1195 0.7
HT at 700 °C/1 h
#5-0 2.54 5.74 339 28.0
Cold drawing after HT 700 °C/1 h
#5-1 0.27 10.21 1049 2.6
#5-2 0.05 13.6 1236 0.95
HT at 800 °C/1 h
#6-0 2.54 5.74 306 29.0
Cold drawing after HT 800 °C/1 h
#6-1 0.27 10.21 980 3.5
#6-2 0.05 13.6 1227 1.0

1 n—true strain; 2 UTS—ultimate tensile strength; 3 5—relative elongation.

With the true strain increasing from 1 = 3.21 ton = 5.74 under the wire cold drawing
from a diameter of 9.02 mm (sample #1) to 2.54 mm (sample #3), its strength (UTS in Table 1)
increases from 470 MPa to 574 MPa, and ductility (relative elongation b in Table 1) decreases
by a factor of two. Such a strong decrease in the plasticity of the wire indicates its work
hardening and the need for intermediate annealing at this stage of drawing.

Three intermediate annealing temperatures 550 °C, 700 °C and 800 °C were tested on
samples with a diameter of 2.54 mm (samples #4-0, #5-0 and #6-0). All three HT modes
lead to a remarkable increase in the ductility of the wire. At the same time, all three HT
modes lead to a decrease in strength. The UTS of samples #4-0, #5-0 and #6-0 decreases with
an increase in HT temperature by 34%, 41% and 47%, respectively, compared to sample
#3-0 of the wire before HT. However, the cold drawing of the heat-treated wires to the
diameter of 0.27 mm leads not only to restoration, but to a sharp increase in the strength of
the wire to UTS of about 1000 MPa (sample #6-1) and higher (samples #4-1, #5-1). Due to
the restoration of the Cu-Nb wire ductility under the HT, and the increase in its strength
under subsequent deformation, the microwires with a diameter of 0.05 mm and UTS of
about 1200 MPa were obtained (samples #4-2, #5-2 and #6-2).

The strength of compositional and other materials is affected by a number of param-
eters, and first a all by the presence of dislocations in grain bulk and boundaries. The
development of high-strength materials assumes two ways: by the creation of microstruc-
tures without dislocations (for example, the so-called whiskers), or by an increase in the
amount of different obstacles that effectively block the dislocation motion [8]. In the MCs,
the internal interphase surface plays the role of a barrier for dislocation motion, and the
high density of interfaces leads to the high strength of composite materials. According to
Ref. [16], an intensive drop of strength in the Cu-Nb composite under the heat treatment at
about 400 °C and higher is associated with transformation in the dislocation structure of
niobium grains.

To reveal what changes in the structure of the Cu-Nb composite affected its strength
and plastic characteristics before and after HT, the samples of MC wires presented in Table 1
were studied using XRD, SEM and TEM methods.
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3.2. Texture and Internal Stresses

X-ray diffraction analysis (XRD) was carried out on the transverse and longitudinal
sections of sample #1 with a diameter of 9.02 mm (Figure 2a,b) and transverse sections of
the samples with a diameter of 2.54 mm (Figure 2c) before HT (sample #3) and after HT
(samples #4-0, 5-0 and #6-0).
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Figure 2. X-ray diffraction patterns of transverse (a,c) and longitudinal (b) sections of samples: (a,b)
#1; (c) #3 (without HT), #4-0 (HT at 550 °C,1 h), #5-0 (HT at 700 °C,1 h), #6-0 (HT at 800 °C, 1 h).

As the XRD pattern from the longitudinal section of sample #1 contains all main peaks
of the Nb and Cu characteristic X-ray spectra, the lattice parameters were calculated from
this spectrum (Figure 2b). According to the calculation, the composite wire consists of
two phases: copper with the Fm3m symmetry and the FCC lattice parameter a = 3.6155 A
and niobium with the Im3m symmetry and the BCC lattice parameter a = 3.3015 A. The
XRD analysis of transverse sections of the samples (Figure 2a,c) showed the presence
of an axial drawing texture with the axes <110>Nb || <111>Cu || DA (drawing axis) in
niobium filaments and copper matrix, which is characteristic of binary composites based
on the FCC matrix and the second component with a BCC lattice. The XRD data also
demonstrate a weak additional texture <100>Cu, which is always present both in pure
copper wire [38] and in the copper matrix of Cu-Nb composite wires [17,39]. The presence
of weak (220) Cu and (311) Cu peaks in the XRD patterns of the transverse sections indicates
the inhomogeneity of texture over the wire section. Such inhomogeneity is characterized
by a deviation of <111>Cu texture axis at the wire periphery from the drawing axis by
15-25 degrees [38].
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The texture of niobium <110> Nb || DA is complete before HT and does not change
after the HT. The XRD patterns of samples #1 (Figure 2a) and #3 (Figure 2c) contain niobium
peaks only from the {110}Nb lattice planes. It is known that in Cu-Nb drawn MCs with
16-20% of niobium, the <110>Nb texture is formed under the strain n > 4 [39]. In the
samples of composite with 7.7% Nb under study, the <110>Nb texture is completely formed
at the true strain ) = 3.2 (sample #1). It is known also that in heavily deformed MCs (n > 10)
with 18%NDb, the <110>Nb texture is resistant to annealing at 400 °C- 800 °C [19,40]. In
the samples with 7.7% Nb and n = 5.74, the <110>Nb texture is resistant to all the tested
annealing temperatures up to 800 °C (Figure 2c). The relative intensity I* of (110)Nb peak
is 100% for all the heat-treated samples (Table 2). Note that the main texture of copper
<111>Cu is less resistant to annealing, since after the HT at 700 °C and 800 °C, the relative
intensity I* of the (111)Cu peak is somewhat decreased (Table 2).

Table 2. Characteristics of the samples before and after HT according to the XRD data.

S . Nb Cu
ample n HT
P I* (110), % u, % I* (111), % I* (200), % u, % A, %
#1 3.21 — 100 0.39 72 15 0.13 10.7
#2 5.03 — 100 0.45 73 14 0.12 10.7
#3 5.74 — 100 0.58 74 14 0.12 10.6
#4-0 5.74 550°C,1h 100 0.53 74 15 0.07 10.5
#5-0 5.74 700°C,1h 100 0.49 65 17 0.08 10.6
#6-0 5.74 800°C,1h 100 0.45 63 23 0.08 10.7

I* is relative intensity of (hkl) X-ray peak relative to integrated intensity of all peaks of the phase in the XRD pattern
(80 <20 < 140); u is microstress; A is parameter of mismatch for the (110)Nb and (111)Cu crystallographic planes.

Internal microstresses (i) accumulated under deformation in the Cu matrix of the
samples before HT (samples #1, #2 and #3 in Table 2 and Figure 3) are low and not
sensitive to deformation, which results from the ability of copper to dynamically recover
and recrystallize under drawing. Microstresses in niobium filaments are much higher
and they increase with strain. The intermediate HT reduces the microstresses in niobium
(Table 2, Figure 3), and, as a result, the ductility of the heat-treated wires (6 in Table 1)
increases, creating conditions for further deformation of the composite wire.

Before HT After HT |
3 550°C 700  800°C

0.6

" Nb
= £ £ £
[ £
3. € £ £ E €
g 3 3 3 S
[s¢) N o N o
0.29 Q Q Q Q Q

k—ﬁf—‘\‘—k/_xcu

# # #3 #4-0 #5.0 #6-0
Sample #

0.0

Figure 3. Microstresses 1 (%) in Nb filaments (ll) and Cu matrix (A) of Cu-7.7Nb composite before
HT (samples #1, #2, #3) and after HT (samples #4-0, #5-0, #6-0).

The parameter A in Table 2 characterizes the mismatch between the (110)Nb and
(111)Cu crystallographic planes at the Cu/Nb interface, which is calculated by the formula:
_ d11o(Nb) — di11(Cu)

A= -100%, 2
d110(NDb) @
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where dNbj19 and dCuy1; are the interplanar spacing for the (110) niobium and (111) copper
crystallographic lattices.

Even in early studies of Cu-Nb composites, it was shown that at high strains the
mismatch between (111)Cu and (110)Nb planes increases, which results in the formation of
periodic mismatch dislocations at Cu/Nb interfaces and, consequently, to semi-coherent
bonds between Cu matrix and Nb filaments, leading to a sharp increase in composite
strength [21,41]. The parameter A for non-deformed niobium and copper is 10.6% [11].
In heavily deformed Cu-Nb composites with 1 > 9.64, the A increases to 12.5% [11,19].
Under annealing of heavily deformed composites, the parameter A decreases down to its
initial values [19,42]. The parameter A of samples #1-#3 is about 10.6 (£ 0.1) and does not
change under the heat treatment (samples #4-0, #5-0 and #6-0 in Table 2). Hence, it may be
suggested that in the wires with 1 < 5.74, the semi-coherent bonds on the Cu/Nb interfaces
have either not formed, or are at the initial stage of formation.

As noted above, intermediate annealing reduces the microstresses in niobium and
sharply increases the ductility of the wire. At the same time, the strength of heat-treated
samples is markedly reduced (UTS in Table 1). For example, the UTS of sample #3 (n = 5.74)
reduces from 574 MPa before HT to 308 MPa after HT at 800 °C (sample # 6-0), approaching
the UTS of 300-308 MPa in niobium with n of about 0.5 [39]. The decrease in the strength of
composite wires may be associated with changes in their microstructure. Indeed, Figure 4
demonstrates that the morphology of niobium ribbons etched out of the copper matrix
strongly differs in the samples before and after HT. Before the HT, niobium filaments look
like elongated thin ribbons with smooth surfaces semitransparent for the electron beam
of SEM (Figure 4a). After HT at 700 °C, Nb filaments thicken and some of them take the
shape of cylindrical rods due to coagulation (Figure 4b). After HT at 800 °C, they become
thicker and acquire a bamboo-like shape with numerous constrictions (Figure 4c). Since it is
known that the strengthening of MC with an increasing strain is associated with a decrease
in the Nb filaments thickness and an increase in the perimeter of the interfaces between
Nb filaments and copper matrix, the changes in the niobium filaments morphology in the
samples before and after HT are considered in more detail in the next section.

Figure 4. SEM images of Nb filaments etched out of copper matrix of Cu-Nb wire with diameter of
2.54 mm: (a) before HT (sample #3), (b) after HT at 700 °C, 1 h (sample #5-0), (c) after HT at 800 °C,
1 h (sample #6-0).

3.3. Structure of Cold Drawn Cu-7.7Nb Composite
3.3.1. Before Intermediate HT

In longitudinal sections of sample #1 (¢ 9.02 mm), niobium filaments are rows of
light ribbons elongated along the wire drawing axis (Figure 5a). The cross-sections of
sample #1 demonstrate extreme inhomogeneity in the shape and sizes of niobium filaments,
most of which have an elongated shape without sharp bends and without twisting around
copper grains (Figure 5b,c). Niobium filaments are heterogeneous in size, both in length
(0.5 pm-3 um) and thickness. For example, in the TEM image shown in Figure 5c, one
niobium filament has a thickness of about 50 nm, and another is about 150 nm. In principle,
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the inhomogeneity of the niobium filament sizes is characteristic of in situ composites at
early stages of deformation, in which both large dendrite “stems” and sections of thin
“branches” were initially present in the dendritic structure of niobium. The TEM image
in Figure 5¢c demonstrates that niobium filaments practically do not twist around copper
grains and the copper grains have a low dislocation density and non-equiaxed shape with
sizes of about 0.5-0.7 um.

Figure 5. SEM (a,b) and TEM (c) images of longitudinal (a) and transverse (b,c) sections of sample #1
(9—9.02 mm, n = 3.21).

The main dimensional features of niobium filaments in the cross-sections of the sam-
ples calculated based on the SEM images are presented in Table 3. An average perimeter of
niobium filaments is labeled as interface /. A ratio of the sum of interfaces of all filaments
to the area of the analyzed SEM-image is labeled as the interface density L,. In sample #1,
the average thickness / of Nb filaments is 0.7 um, interface / is 4.6 pm, the aspect ratio AsR
is 7.4 and the interface density L, is 0.6 pm/ um? (Table 3).

Table 3. Dimensional characteristics of Nb filaments vs. deformation step and HT mode.

It ) h3 L,*
sample @ n HT (um) AsR (m)  (um/pm?)
mm av Min Max av Max av

#1 9.02 3.21 — 4.6 1.6 14.1 7.4 22 0.70 0.6
#2 3.63 5.03 — 4.6 14 13.2 139 35 0.17 1.7
#3 2.5 5.74 — 3.2 14 13.9 18.3 59 0.07 5.1
#4-0 2.5 5.74 550 °C,1h 2.1 0.23 10.0 7.0 27 0.08 44
#5-0 2.5 5.74 700°C,1h 1.3 0.18 11.0 4.6 26 0.16 3.5
#6-0 2.5 5.74 800°C,1h 1.3 0.17 13.0 3.0 18 0.26 2.7

1]is the Cu/Nb interface; 2 AsR is the aspect ratio of Nb filaments; 3 I is the Nb filaments thickness; ¢ L, is the
interface density.

The increase in true strain n from 3.21 (sample #1) to 5.03 (sample #2) leads to a
decrease in the thickness of Nb filaments % from 0.7 um to 0.17 um, a twofold increase in
aspect ratio and a threefold increase in interface density (Table 3). The Nb filaments in
sample #2 become more curved (Figure 6a,b) with 2-3 smooth bends. As the TEM data in
Figure 6b demonstrate, the niobium filaments in sample #2 are noticeably thinner than in
sample #1 (see Figure 5c), with a pronounced ribbon shape and sharper bends. In addition,
they are partly curved around copper grains. In electron diffraction patterns, alternating
reflections of copper and niobium are located in the corresponding Debye rings (Figure 6c).
The grains of copper matrix in the cross-sections of the wire are mostly equiaxed in shape
with sizes of 0.2-0.4 um. The dislocation density in copper grains is still low (Figure 6b),
and some grains are practically free of dislocations, due to the dynamic recrystallization of
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copper under drawing [18,23]. Thus, the wire strengthening under drawing is caused by
thinning of Nb filaments, increasing interface density and distortions of Nb lattice, rather
than by Cu grain refinement.

(C) . \\o

B Z 4

W, (200N ,,/‘

.

(002)Cu

-
.

100 nm

Figure 6. SEM (a) and TEM (b—f) images of transverse (a,b) and longitudinal (d,e) sections of sample
#2 (0—3.63 mm, 1—b5.03): (b) bright-field TEM image; (c) corresponding selected area electron
diffraction pattern (SAED); (d) bright-field TEM image; (e) dark-field image in (002)Cu reflection;
(f) corresponding SAED, zone axis ~ [111]np.-

TEM images of longitudinal sections of sample #2 demonstrate that elongated Nb
filaments alternate with wider copper interlayers (Figure 6d,e). Not all boundaries between
Nb and Cu are straight and sharp, as there are wavy and wide boundaries with a high
density of dislocations (Figure 6d). The presence in some electron diffraction patterns of
bright reflections from (002) crystallographic planes of copper (Figure 6f) is the consequence
of double texture in cold-drawn copper discussed above in the X-ray data section. The
dark-field TEM image from (002)Cu reflection (Figure 6e) demonstrates elongated copper
grains oriented parallel to the additional <001> texture direction.

In sample #3 (n = 5.74), the density of Nb filaments in the copper matrix increases
significantly (Table 3), and their shape becomes even more curved (Figure 7a). The average
thickness of Nb filaments decreases to 0.07 um, whereas the aspect ratio increases to 18.3.
In the structure of this sample, there are separate thin long curved niobium filaments with a
maximal aspect ratio of about 60 (AsR, max in Table 3). TEM images, one of which is shown
in Figure 7b, demonstrate Nb filaments twisted around the copper grains. According
to Ref. [18], the twisting of Nb filaments around copper grains is accompanied by the
formation of semi-coherent interfaces between the grains of ribbon-like niobium filaments
and copper matrix. Most of the electron diffraction patterns are the same as in the previous
sample, with point reflections of Cu and Nb on the corresponding Debye rings. However,
some electron diffraction patterns demonstrate a weak diffuse ring corresponding to the
(110)Nb interplanar spacing (Figure 7c), which indicates the presence of small areas with an
amorphous structure on Cu/Nb interfaces. Dark-field TEM images demonstrate elongated
niobium filaments (Figure 7d) and copper matrix grains (Figure 7e) located in the directions
<110>Nb || DA and <111>Cu || DA, respectively.
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Figure 7. SEM (a) and TEM (b,d,e) images of transverse (a—c) and longitudinal (d,e) sections of
sample #3 (0—2.54 mm); (b) bright-field TEM image; (c) corresponding selected area electron
diffraction pattern (SAED); (d) dark-field TEM image in (110)NDb reflection; (e) dark-field TEM image
in (111)Cu reflection; (f) corresponding SAED with indicated directions <110> Nb and <111>Cu, zone
axis [001]np.

The misorientation angle between the <110>Nb and <111>Cu directions in the elec-
tron diffraction pattern shown in Figure 7 is approximately 5°, which indicates a semi-
coherent character of Cu/Nb interfaces [19,21,41,42]. The interface density L, increases
from 1.7 um/pm? in sample #2 to 5.1 pm/ pum? in sample #3, and the latter value is ap-
proximately ten times higher than in sample #1 (Table 3). The threefold increase in the
interface density did not cause a sharp increase in the strength of the composite (Table 1).
Taking into account the sharp decrease in the relative elongation 6 of sample #3 (Table 1), it
can be assumed that at this step of drawing the strain hardening plays the main role, and
compositional hardening has not formed completely.

3.3.2. After Intermediate HT

According to SEM images, after HT at 550 °C (sample #4-0), Nb filaments thicken
in cross sections, acquiring a more rounded “swollen” shape, and thin sections appear
near the filament bends (Figure 8a). The average value of the aspect ratio of Nb filaments
decreases sharply to 7.8 (Table 3). The changes in morphology of the niobium ribbons in
cross-sections of the wire indicate the beginning of the coagulation processes in niobium
which lead to the disruption of bonds between Nb filaments and the Cu matrix. As a
result of the initial stages of coagulation, in longitudinal sections of sample #4, a sub-relief
appears (Figure 8b) on the surface of the previously smooth Nb ribbons. This coagulation
of Nb filaments is the main reason for the decrease in the strength of the sample under HT
even at the lowest temperature (Table 1, sample #4-0).
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Figure 8. SEM (a,b,d,e,g h) and TEM (¢ f,i) images of transverse (a,d,g) and longitudinal (b,c,e,f,h,i)
sections of the samples with diameter of 2.5 mm (n = 5.74) after HT: 550 °C, 1 h, sample #4-0 (a—c);
700 °C, 1 h, sample #5-0 (d—f); and 800 °C, 1 h, sample #6-0 (g-i); (c) dark-field TEM image in (110)yp,
reflection; (f,i) bright-field TEM images.

Numerous TEM images of longitudinal sections of sample #4-0, one of which is
shown in Figure 8c, demonstrate the appearance of thicker filaments and an increase in
the variation in the filament thicknesses. The Nb/Cu interface becomes wave-like (with
thickened and narrowed areas) (Figure 8c) rather than straight as in the sample before HT
(Figure 7e). The dislocation density in niobium filaments decreases under HT, leading to the
decrease in microstresses in niobium, according to the above X-ray data, and to a significant
increase in the ductility of the composite wire, even after the annealing at the lowest of
tested temperatures. However, the non-uniform distribution of brightness of contrast in the
dark-field TEM image along the Nb filaments (Figure 8c) indicates heterogeneity of internal
elastic stress distribution. Hence, after HT at 550 °C in some sections of Nb filaments, the
internal stresses are retained.

After HT at 700 °C, Nb filaments continue to thicken in the cross sections (Figure 8d).
In the longitudinal sections, some of the filaments acquire sausage-like (Figure 8e) and
bamboo-like (Figure 8f) shapes with constrictions, and others disintegrate into fragments
in the form of cylinders and discs (Figure 8e). TEM images in Figure 8e demonstrate that
“bamboo-like” Nb filaments are practically free of dislocations. The Nb filaments aspect
ratio decreases from 18.3 before HT to 4.6 after HT at 700 °C (Table 3, sample # 5-0).
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With an increase in the annealing temperature to 800 °C, Nb filaments continue to
“swell” (Figure 8g,h), losing their ribbon-like shape and splitting into fragments. The
average thickness of Nb filaments increases from 70 nm before HT to 250 nm after HT
at 800 °C. According to SEM (Figure 8g,h) and TEM (Figure 8i) images, a large number
of single filaments of almost circular cross-sections (AsR~1) appear in the structure, i.e.,
individual fragments of niobium ribbons are spheroidized. One of these spheroidized
filaments is seen in Figure 8i. As a result of the coagulation and the fragmentation of
niobium ribbons under HT, the interface, aspect ratio and interface density of Nb filaments
decrease (sample #6-0, Table 3).

According to TEM, with an increase in the HT temperature to 800 °C, the grains of both
the copper matrix and the niobium filaments become almost free of dislocations, which
only in small amounts remain at grain boundaries. These results allow us to conclude that
the processes of coagulation and “swelling” in niobium filaments lead both to the relaxation
of internal stresses in Nb filaments and the breakdown of the previously established bonds
at Cu/Nb interfaces.

Note that similar morphological changes in the shape of niobium filaments were
observed under the study of thermal stability in high-strength Cu-Nb MC wires with higher
niobium content (1620 wt.%) [19,24,40,42—48]. According to Ref. [43], morphological
changes in two-phased composites result from the intensification of diffusion processes
under HT, and with an increase in the annealing temperature, some niobium rods are
spheroidized to reduce the surface energy.

Many authors [44—47] believe that the structure evolution of the ribbon-like niobium
under annealing occurs only at the Cu/Nb interfaces. But some researchers [40,49] demon-
strate that the change of the niobium ribbon morphology begins inside the filaments,
because the internal energy stored in the niobium under deformation leads to the forma-
tion of low-angle boundaries, and the temperature-induced motion of these low-angle
boundaries under HT leads to the nucleation of the grooves inside niobium filaments. As
the temperature increases, the grooves gradually deepen, leading to splitting and then
to the spheroidization of Nb filaments to minimize internal energy. Authors of Ref. [49]
observed an internal friction peak (the so-called Snook peak [50]) in Cu-18Nb composite
heat-treated at 550 °C and an abnormal decrease in Nb filaments microhardness to the
value of microhardness of recrystallized niobium.

These results, in the opinion of the authors of Ref. [49], indicate that the change in
the structure of niobium under HT occurs not only at Cu/Nb interfaces, but also inside
niobium filaments. Note that despite the morphological changes in niobium filaments and
sharp drop in the strength of the composite wire after all tested HT modes (samples # 4-0,
# 5-0, # 6-0, Table 1), the further wire deformation to diameter of 0.27 mm leads to the
increase in UTS to the values of about 1000 MPa for all heat-treated samples (samples #4-1,
#5-1, and #6-1, Table 1).

3.3.3. Cold Drawing of Heat-Treated Wires

TEM images of longitudinal sections of the wires cold-drawn after HT to the diameter
of 0.27 mm (samples #4-1, #5-1 and #6-1) are presented in Figure 9. The structure of all
heat treated at different temperatures samples consists of alternating layers of copper and
niobium with clear straight boundaries parallel to the drawing axis. The thickness of Nb
filaments is about 25-30 nm for the samples drawn after HTs at 550 °C (Figure 9a,b) and
700 °C (Figure 9e), and 35-40 nm after HT at 800 °C (Figure 9g,h). The copper interlayer
thicknesses are about 70 nm in sample #4-1 (Figure 9a,b), 80 nm in sample #5-1 (Figure 9d)
and 95 nm in sample #6-1 (Figure 9i). The dislocation density in many areas of the copper
matrix of these samples is low. One such TEM image of copper layers, practically free of
dislocations, is shown in Figure 9a.
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Figure 9. TEM images of longitudinal sections of Cu-7.7Nb wires cold drawn after intermediate HT
to diameter of 0.27 mm. Samples: #4-1 (drawn after HT at 550 °C, 1 h) (a—c), #5-1 (drawn after HT at
700 °C, 1 h) (d—f) and #6-1 (drawn after HT at 800 °C, 1 h) (g—i); (a) bright field image; (b,e,g/h,i) dark
field images in reflection (110)yy, with backlighting from (111)¢y; (d) dark field images in reflection
(111)cy; (c,f) SAEDs.

However, despite the similarity of the structure of these three samples, the TEM
method also reveals some differences in their fine structure. Thus, in sample #4-1, the size
distribution of niobium filaments and contrast in dark-field TEM images of the niobium
filaments are uniform (Figure 9b). This indicates the uniform deformability of niobium
filaments and the uniform distribution of internal stresses in them. This confirms the
conclusion made in Ref. [49], according to which the softening of the copper matrix even
under a short intermediate annealing creates more favorable conditions for further uniform
deformation of niobium filaments.

In many-electron diffraction patterns from this sample, the angle between the <110>Nb
and <111>Cu directions is about 4-5 degrees (Figure 9c), which is a sign of a semi-coherent
boundary at the Cu/Nb interface. As previously mentioned, this type of electron diffraction
pattern was observed for sample #3 before HT (Figure 7g) and was not observed in the
heat-treated samples. That is, the semi-coherent bond at the Cu/Nb interface, broken by
HT, is restored after drawing the heat-treated wires to a diameter of 0.27 mm. Note that in
TEM-images of sample #4-1 longitudinal sections, there are no breaks of niobium filaments
(for example, see Figure 9b), which again confirms the good deformability of the wire after
this HT mode.

In sample #5-1, drawn after HT at a higher temperature of 700 °C, areas with partially
broken Nb filaments appear (shown with white arrows in Figure 9e). In some electron
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diffraction patterns of this sample, <110>Nb and <111>Cu directions do not diverge by
an angle of 4-5 degrees, but completely coincide (Figure 9f). Hence, the coherence of the
Cu/Nb interface boundaries is manifested to a lesser extent in this sample.

TEM images of sample #6-1, drawn after HT at 800 °C, demonstrate that niobium
filaments have an uneven, discontinuous, and more rounded shape (Figure 9g-i). The
thickness of niobium filaments and copper interlayers in this sample is larger than in
sample #4-1. The number of structural sections whose electron diffraction patterns would
indicate the presence of coherence at the Cu/Nb interfaces is small.

Thus, based on the results of TEM studies, one can conclude that the annealing
temperature of intermediate HT, although insignificantly, still affects the structure of
samples drawn after HT. The sample drawn after HT at the lowest of tested temperatures
550 °C has an optimal structure with thin Nb filaments parallel to the drawing axes and
semi-coherent boundaries on the Cu/Nb interface. But the internal stresses in the niobium
filaments of this sample, as noted above, are higher than in the samples heat treated at
higher temperatures.

Figure 10 shows the dependences of UTS and relative elongation 4 on the true strain
of Cu-7.7Nb wire before and after HT at 700 °C, 1h. Figure 10a clearly demonstrates that
the HT leads to an almost twofold decrease in the strength of the wire.

After HT (a), 30, Before HT AfterHT (b)
: 4 < HT-700C, Th |

2.5 mm

e D008 NG
e DO0BIM

MR,

6 8 10 12 14 2 6 8 10 12 14

n n
Figure 10. Ultimate tensile strength UTS (a) and relative elongation b (b) versus true strain n of the
Cu-7.7Nb wire drawn before (black symbols in the interval of strains 3.2 <1 < 5.74) and after (color
symbols in the interval of strains 5.74 <1 < 13.6) HT at 700 °C, 1 h.

On the other hand, the ductility of the wire is increased by a factor of ten (Figure 10b),
which makes it possible to draw the wire to the diameter of 0.05 mm (1 = 13.6) and reach
the tensile strength of 1236 MPa (sample #5-2, Table 1). Similar dependences of UTS and 6
on strain 1 were observed for the samples of the MC wires with two other tested HT modes.
The samples of composite wires after all tested HT temperatures were successfully cold
drawn to the diameter of 0.05 mm (Table 1).

Thus, the choice of annealing temperature should be determined by a trade-off be-
tween the minimum possible destruction of the structure of ribbon-like niobium filaments
and the copper—niobium interfaces under HT and the maximum reduction of internal
stresses in the niobium.

4. Summary

The evolution of the structure of in situ Cu-7.7Nb microcomposite (MC) wires under
cold drawing and intermediate heat treatment (HT) has been studied by SEM, TEM and
X-ray analysis.

Intermediate HT at 500, 700 and 800 °C leads to an increase in the ductility of the
Cu-7.7Nb wire which, according to the X-ray data, is due to the removal of internal
microstresses in the Nb filaments.

According to SEM and TEM data, the removal of internal microstresses in Nb filaments
under the HT results from significant changes in their morphology accompanied by an
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increase in their thickness and a decrease in the aspect ratio, interface and interface density.
These changes are more pronounced, the higher the HT temperatures.

The HTs lead to the destruction of semi-coherent bonds on Cu/Nb interfaces. Further
deformation of the heat-treated wires to the diameter of 0.27 mm leads to a restoration
of Nb filament morphology and semi-coherent boundaries on Cu/Nb interfaces, which
results in a sharp increase in UTS to values higher than 1000 MPa.

The stability of the <110>Nb texture to HT plays a positive role in the restoration of
the semi-coherent character of the Cu/Nb interfaces under the subsequent drawing.

Thus, the choice of the intermediate annealing temperature should be determined by
a trade-off between the minimum possible destruction of the ribbon shape of Nb filaments
at Cu/Nb interfaces and the maximum reduction in internal stresses in Nb. In the present
study, this optimal compromise is provided by the annealing mode of 700 °C, 1 h, resulting
in the highest UTS (1236 MPa) at the final diameter of 0.05 mm.

The decrease in the concentration of Nb to 7.7% compared to the previously used
16-20% and the application of intermediate heat treatments make it possible to obtain
ultrathin high-strength wires of extremely small diameter under the true strain of 13.6,
which is not achievable in MCs with higher Nb concentration.

The results obtained in this study make it possible to optimize the process of obtain-
ing high-strength wires, taking into account possible forecasts of changes in structural
characteristics under the influence of various production factors such as the degree of
deformation, duration and temperature of annealing, and to predict the thermal stability of
the wire under its operation. According to the study presented by the developers of these
wires [6], the tensile strength achieved immediately after the production of the wire may
subsequently decrease only slightly during the first two to three months of holding at room
temperature. However, this decrease does not exceed 5% of the initial value, and in the
future, the strength characteristics of the wire will not change.
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