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Abstract:

Two Cu-Cr-Nb alloys, denoted as alloy 1 (comprising Cu-0.89 at. % Cr-0.42 at. % Nb) and alloy 2
(comprising Cu-1.84 at. % Cr-0.99 at. % Nb), were produced through a series of manufacturing processes
including vacuum induction melting, melt spinning, consolidation, brazing, and baking, with both alloys
aimed at achieving a nominal Cr-to-Nb atomic ratio of 2. Microstructural characterization using
transmission electron microscopy and X-ray diffraction identified the cubic C15 Laves-phase Cr,Nb as the
dominant precipitate in both alloys, cross-validated by thermodynamic calculations and atomistic
simulation-based density functional theory (DFT). Besides cubic C15 Cr,Nb, hexagonal C14-phase Cr.Nb
and a-BiF3 cubic structured CrsNb were also observed in the alloys, including a coherent interface formed
between the CrsNb precipitate and the Cu matrix. The hardness of the alloys increases, and the electrical
conductivity decreases with increasing alloying addition content; two practical equations described the
trends. Further DFT simulations revealed that the electrical conductivity (conductance) of the Cu/Cr.Nb
interface is an order of magnitude higher than the intrinsic Cu high-angle grain boundaries.

Keywords: Cu-Cr-Nb alloy; Cr.Nb; Electrical conductivity; Transmission electron microscope; Density-
functional theory; Thermodynamic calculation

1. Introduction

Pure copper (Cu) with excellent electrical conductivity has been extensively used in electrical wiring, power
transmission and distribution, electrical connectors, printed circuit boards, and electrical contacts. However,
the low strength (especially at elevated temperatures) of pure copper impedes certain application scenarios,
such as in the aerospace industry [1], robotics industry [2], and the magnet fabrication industry [3].
Therefore, enhancing the mechanical properties of Cu via alloying becomes essential. Alloying in Cu brings
in solute atoms, precipitates, and second phases, improving the mechanical properties. On the other hand,
these solute atoms, precipitates, and second phases also act as scattering locations of electrons and phonons,
which compromises electrical/thermal conductivity [4]. Therefore, researchers have adopted a “lean” Cu
alloy design pathway, in which the alloy contains a low volume fraction of a second phase through a low
alloying amount. Typically, the employed alloying elements have limited solubility in the Cu matrix, such
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as chromium (Cr), niobium (Nb), and zirconium (Zr), which provides a feasible pathway for optimizing
mechanical and electrical/thermal properties simultaneously for applications in conductive components [5].

The binary alloy system of Cu-Cr exhibits a decent balance between mechanical properties and electrical
conductivity [6]. However, the Cu-Cr alloy system shows poor softening resistance at elevated temperatures
[7] due to the precipitate coarsening and dissolving [8]. Based on the literature, the softening temperatures
of binary Cu alloy systems of Cu-Cr [9-11], Cu-Nb [12,13], and Cu-Zr [14,15] alloys are ~450 °C, ~800
°C, and ~550 °C, respectively. Accordingly, researchers have added additional alloying elements such as
Nb [16], Zr [17], and silver (Ag) [18] to the Cu-Cr alloy system forming ternary alloy systems, which has
been proven effective in maintaining electrical conductivity while increasing the mechanical properties
even at elevated temperatures. Practically, Nb stands out when comparing the price and abundance among
alloying additions such as Nb, Zr, and Ag.

Cu-Cr-Nb alloys have shown excellent electrical conductivity, high resistance to wear, good high-
temperature strength, oxidation resistance, and thermal stability [19]. The Cr-to-Nb atomic ratio in Cu-Cr-
Nb alloys is typically 2, such as GRCop-84 (Cu-8 at. % Cr-4 at. % Nb), and GRCop-42 (Cu-4 at. % Cr-2
at. % Nb). This is because the most critical strengthening precipitate in the Cu-Cr-Nb alloy system is Cr2Nb,
which is formed during the rapid solidification and post-heat treatment [20]. Note that Cu-Cr-Nb alloys are
generally manufactured via rapid solidification technology because a slow cooling process during
conventional casting results in a large (> 1 cm diameter) Cr2Nb eutectic phase [21], which is detrimental to
the strength. Other than the Cr-to-Nb atomic ratio being 2, some researchers have designed Cu-Cr-Nb alloys
with a Cr-to-Nb atomic ratio larger than 2 to obtain additional Cr particles to further enhance the mechanical
properties while maintaining electrical conductivity at room temperature [5, 22-24]. However, only Cr.Nb
has been proven to be thermodynamically stable at elevated temperatures, which can remain in the same
size range after exposure up to 1323 K for 100 hours [25].

The importance of Cu-Cr-Nb alloys with Cr-to-Nb atomic ratio of 2 has been extensively recognized.
However, a comprehensive microstructural characterization of Cu-Cr-Nb alloys with Cr-to-Nb atomic ratio
of 2 in different scales is still lacking. Furthermore, the effect of the Cu/Cr.Nb interface on electrical
conductivity is also unknown. Therefore, in the current study, in order to develop a high strength high
conductivity Cu alloy for applications of resonant components in particle accelerators, two lean Cu alloys:
Cu-Cr-Nb alloys with a Cr-to-Nb atomic ratio of ~2 albeit varying Cr and Nb concentrations were fabricated
and investigated: (1) Alloy 1 (Cu-0.89 at. % Cr-0.42 at. % Nb), and (2) Alloy 2 (Cu-1.84 at. % Cr-0.99 at. %
Nb). A comprehensive characterization of these two alloys was conducted to identify microstructural
features including grain size, grain boundary disorientation, and precipitates. There are three types of
precipitates, and the dominant precipitate C15 Cr,Nb does not maintain a clear crystallographic orientation
with the Cu matrix, which is consistent with the literature observation [26]. The mechanical properties and
electrical conductivity of these two alloys were evaluated and compared with Cu-Cr-Nb alloys with Cr-to-
Nb atomic ratio of 2 from the literature [27]. Furthermore, density functional theory (DFT) and ab initio
thermodynamics (AIT) calculations were performed to understand the formation and stability of Cr-Nb
precipitates and provide insight into the evolution of electrical conductivity in the alloys [28].



2. Materials and Methods
2.1 Thermodynamic calculation

The chemical composition of Alloy 1 and Alloy 2 is listed in Table 1, and commercial software Thermo-
Calc and its associated database TCCU3 were used to predict the microstructure of Alloy 1 and Alloy 2.
From the equilibrium calculation of both Alloy 1 and Alloy 2, as shown in Fig. 1, the microstructure
includes a major FCC phase upon solidification, with small amounts of Cr,Nb second phase particles. The
phase fraction of CroNb is fully determined by the Cr and Nb contents as very limited solubility of Cr and
Nb is observed in the FCC Cu matrix (0.003 at. % Cr and 0.015 at. % Nb in FCC Cu at 500°C).

Table 1. Chemical composition of Alloy 1 and Alloy 2.

Weight percentage (wt. %) Atomic percentage (at. %)
Elements Cu Cr Nb Cu Cr Nb
Alloy 1 98.66 0.73 0.61 98.69 0.89 0.42
Alloy 2 97.03 151 1.45 97.12 1.84 0.99
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Fig. 1. Phase predictions for (a) Alloy 1 and (b) Alloy 2 using commercial software Thermo-Calc and its
database TCCUS.

2.2 Alloy fabrication and processing

A processing route was designed in this study, including vacuum induction melting (VIM) for initial
melting and incorporation of elements, melt spinning for rapid solidification to promote a fine-grained
microstructure and distribution of nano-sized particles for strengthening, and compaction to achieve a
sample geometry suitable for characterization. This routine is illustrated in the primary processing section
in Fig. 2. To simulate the thermal exposure of brazing and bake-out processes of the application in a particle



accelerator, heat treatments were conducted in-house at QuesTek. Samples were encapsulated with a
pressure of 5x10° bar and subject to various heat treatment conditions at 1000 °C and 500 °C, as illustrated
in the post-processing section in Fig. 2. For each composition, samples were first subject to 1000 °C for 15

mins or 4 hours to simulate the brazing process. Next, a 7-day bakeout at 500 °C was conducted for Alloy
1 and Alloy 2.
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Fig. 2. (a) Schematic showing the processing route for manufacturing Alloy 1 and Alloy 2, (b)
Temperature vs time for the processing route.

The primary processing route started with VIM and casting to fabricate ~500 g prototype per alloy,
followed by melt spinning and consolidation of the melt-spun product to achieve a target final bar sample
geometry around 7.5 cm long and 1.3 cm in diameter. The first step of VIM casts an ingot incorporated raw
alloying elements into high-purity copper, which includes high melting point refractory elements. The form
of the raw material was Cu shot (99.999%), and slug (Cr, Nb). First, Cu alone was added to a stabilized
zirconia crucible. A vacuum of 1.0x10 Torr was initially achieved. To promote mixing and mitigate
oxidation, once the Cu melted, the higher melting point alloying elements were then introduced as a late
addition to the liquid. During the melt spinning process, the VIM ingot was remelted before being ejected
from a quartz nozzle. Preventative care was taken to limit any contamination, particularly oxygen,
throughout the process. To limit interactions with the quartz, a yttria spray coating was evenly applied on
the inner surfaces of all quartz tubes. Each crucible was baked at ~1000 °C for ~10 minutes to expel organic
components in the protective yttria coating.

Then the alloy was superheated to 1400 °C with continually increasing argon pressure (from 200 to 600
Torr) to promote clean mixing for chemical homogeneity before smooth liquid flow out of the (1-2 mm)
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nozzle opening. The molten Cu alloy rapidly solidified onto a rotating Cu wheel, maintaining a close nozzle-
to-wheel distance to maximize the cooling rate. If warming of the Cu wheel occurred, it showed variations
in the ribbon thickness since the application volume was relatively consistent. When the ribbon thickness
began to increase, the setup was paused to ensure the maintenance of sufficiently high cooling rates. After
runs of melt spinning were completed, the rapidly solidified ribbon was consolidated for appropriate
geometry for property testing, including a sufficient surface area for Eddy current electrical conductivity
measurements and sufficient thickness for hardness indents.

The consolidation was an essential part of the process to form the desirable final sample geometry. First,
room temperature (cold) compaction was achieved to make manageable pucks by pressing sectioned Cu-
Cr-Nb alloy ribbons together using a 12.4 mm diameter tool steel compaction die. A maximum force of
~53 kN was applied and apparent density was approximately ~90% with some error due to irregular puck
geometry. The second uniaxial compaction at an elevated temperature of 600 °C in vacuum was achieved
via vacuum hot pressing which allowed an increase in density with a maximum pressure of ~30 MPa. The
hot press step allowed the pressed pucks to be connected and served as a precaution to the final HIP step.
A limiting factor of additional pressure during hot pressing to promote densification was the strength of the
die containing the pucks being consolidated. A single hot isostatic pressing cycle at 600 ° C for ~1.5hata
pressure of ~60 MPa was applied in an attempt to close any internal porosity remaining in the consolidated
material. After consolidation, the relative density of Alloy 1 and Alloy 2 were 96.0% and 96.3%,
respectively.

As an inspection of intrinsic impurity in the process of VIM melts, a trial run was conducted using 99.995%
pure electrolytic Cu as the main constituent, which has lower purity than the Cu shot reserved for future
melts. The levels of elements carbon (C), nitrogen (N), oxygen (O), sulfur (S), and hydrogen (H) were
measured and determined acceptably low to move forward with the next VIM castings. Appropriate
considerations were taken to maintain low impurity levels throughout the full process. Particularly, the
oxygen level was measured to be 7.5 ppm wt, carbon at 7.3 ppm wt, nitrogen < 5 ppm wt, sulfur <5 ppm
wt, and hydrogen undetected. The composition of two prototyped Alloy 1 and Alloy 2 were evaluated using
inductively coupled plasma-optical emission spectrometry (ICP-OES), as listed in Table 1.

2.3 Electrical conductivity measurement

The Eddy current method was used to measure bulk electrical conductivity using a probe on the surface of
the samples’ circular cross-sections with a diameter of 1.3 cm. In this measurement, pure Cu in an annealed
condition was utilized as the standard benchmark with a conductivity value of 100%IACS.

2.4 Hardness measurement

Hardness measurement was chosen to evaluate the strength of the developed Cu alloys. Hardness
measurements were taken on the polished surface of all alloy specimens and heat treatment conditions using
microhardness Vickers (HV) diamond indenter, 0.2 kgf, and 10 s dwell time, confirming analyzed indents
met ASTM minimum diagonal size and had minimal asymmetry. Two orientations were evaluated: the
bar’s cross-section and parallel to the length. Overall, there was no emerging hardness difference dependent
on direction, i.e., the mechanical properties are largely isotropic. Statistical variation in HV could be
attributed to the local inhomogeneity in the ribbons' consolidated microstructure.



2.5 Microstructural characterization

X-ray diffraction (XRD) measurements were conducted using a Rigaku D/Max Rapid Il microdiffraction
system. X-rays were generated by a MicroMax 007HF generator from a rotating Cr target (A =2.2910 A)
and focused through a collimator directly onto a region of interest. XRD was collected using a 300-um-
diameter x-ray with an oscillating incident angle from 25° to 35°. The microstructure was analyzed using
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), electron backscattered
diffraction (EBSD), and transmission and scanning transmission electron microscopy (S/TEM). The SEM-
EDS and EBSD were conducted using a Thermo Fisher Scientific Helios 5 Hydra Scanning Electron
Microscope implemented with an Oxford Symmetry EBSD detector. The site-specific lift-out for the STEM
analysis was prepared using an FEI Quanta 3D Focused lon Beam SEM. An aberration, Cs corrected JEOL
ARM 200CF transmission electron microscope operated at 200 keV was used for the S/TEM imaging.

2.6 DFT simulation

DFT simulations were performed using the Vienna Ab Initio Simulation Package (VASP) [29,30]. The core
electrons were represented using projector-augmented-wave pseudopotentials [31,32], and the generalized
gradient approximation Perdew—Burke—Ernzerhof exchange-correlation functional was used [33]. A
universal cutoff of 400 eV was used for all calculations, and the convergence threshold was set to 10 eV.
The AIT calculations were performed using VASP and Phonopy [34].

3. Results and Discussion
3.1 Mechanical property and Electrical conductivity

To explore the mechanical property evolution of Alloy 1 and Alloy 2 throughout the manufacturing and
processing, the hardness under three different conditions was measured: (i) as-consolidated, (ii) as-
consolidated + brazing, and (iii) as-consolidated + brazing + baking. The corresponding hardness data is
presented and compared in Fig. 3(a). The results indicate that the hardness of Alloy 1 and Alloy 2 is highest
in the as-consolidated condition, decreasing gradually after the brazing and baking steps. Notably, the
reduction in hardness is more pronounced with a brazing time of 4 hours compared to 15 minutes. The
electrical conductivity of Alloy 1 and Alloy 2 in the (i) as-consolidated condition, and (iii) as-consolidated
+ brazing + baking condition were measured. The corresponding %I1ACS data is illustrated and compared
in Fig. 3(b). The results reveal that the %IACS for both Alloy 1 and Alloy 2 is at its minimum in the as-
consolidated condition, demonstrating an increase after the subsequent brazing and baking steps. Notably,
the enhancement in %IACS data is more pronounced with an intermediate brazing time of 4 hours as than
15 minutes.
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Fig. 3. Plots of (a) hardness and (b) %IACS data of Alloy 1 and Alloy 2 in various conditions.

Based on the results presented in Fig. 3, Alloy 1 exhibits an average hardness of 81.6 HV and an
average %IACS of 96.4% after a combination of brazing (4 hours) and subsequent baking (7 days). Alloy
2 demonstrates an average hardness of 86.6 HV and an average %IACS of 93.4% under the same brazing
(4 hours) and baking (7 days) condition. The prolonged baking duration results in Alloy 1 and Alloy 2
attaining a state that can be considered fully annealed. Therefore, for the subsequent analysis and
investigation in this paper, Alloy 1 and Alloy 2 after undergoing brazing (4 hours) and baking (7 days) are
selected for further analysis and investigation.

The variation in hardness and electrical conductivity observed between Alloy 1 and Alloy 2 is attributed to
variations in their chemical composition. Thermodynamic calculation and microstructural analysis (will be
shown in the following) reveal that the predominant precipitate in both Alloy 1 and Alloy 2 is CrzNb.
Consequently, the dissimilarity in Cr.Nb content becomes a key factor influencing the hardness and
electrical conductivity between the two alloys. To further explore this relationship, a comparative study
involving pure Cu, GRCop-42, and GRCop-84 alloys with different CroNb contents, as obtained from
literature sources [27], was conducted. Fig. 4(a) illustrates an increase in the hardness of Cu alloy with
rising CroNb content, while Fig. 4(b) indicates a reduction in electrical conductivity with increasing CroNb
content. Utilizing the data from these figures, empirical equations describing the hardness and %IACS of
fully annealed Cu-Cr-Nb alloys with a Cr-to-Nb atomic ratio of 2 were derived. Note that the representation
of Cr content (Contentc,) serves to convey the Cr.Nb content, as the Cr-to-Nb atomic ratio consistently
maintains a fixed value of 2.

HV =57 + 12.9 x Contentc, (at.%) 1)
%IACS =100 — 5.8 x Contentcr (at.%)  (2)

Moreover, Fig. 4(c) depicts the convergence of hardness and electrical conductivity for Cu-Cr-Nb alloys
(Cr-to-Nb atomic ratio of 2) into a band. This suggests that the electrical conductivity and hardness of other
Cu-Cr-Nb alloys with a Cr-to-Nb ratio of 2 are likely to fall within this band. The establishment of such



empirical relationships and convergence bands provides valuable insights into the properties of Cu-Cr-Nb
alloys and aids in predicting their behavior based on composition.
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Fig. 4. (a) Hardness vs. alloying content, (b) electrical conductivity vs. alloying content, (c) electrical

conductivity vs. hardness for pure Cu, Alloy 1, Alloy 2, and alloys from the literature of fully annealed
condition [27].

3.2 Microstructural characterization

3.2.1 Grain size and grain boundary

Both the cross-section and top section of Alloys 1 and 2 are observed via EBSD, as shown in Fig. 5. The
grain size is 22.8+8.2 ym, 25.4+8.6 um, 30.9+7.3 um, and 23.6+7.9 um for the cross-section of Alloy 1,
top section of Alloy 1, cross-section of Alloy 2, and top section of Alloy 2, respectively. Grain size
distribution plots can be seen in the Supplementary Materials (Fig. S1). It shows that the difference in grain
size is not statistically significant. Numerous twin boundaries are existing in the grains of Alloys 1 and 2,
as shown in Figs. 5(a-d), which are expected to result from the long annealing process. Disorientation plots
showing the percentage of twin boundaries can be found in the Supplementary Materials (Fig. S2).

Interestingly, the interface between ribbons is evident, as shown in Fig. 5(a) for Alloy 1 and Figs. 5(c) and
(d) for Alloy 2. Detailed EBSD and EDS analysis at the ribbon interface region is presented in the
Supplementary Materials (Fig. S3). It shows that an evident Nb segregation exists at the ribbon interface
(Fig. S3(a)). Meanwhile, there are existing sub-grain structures at the ribbon interface, as shown in Fig.
S3(b). Further microstructural characterization at the ribbon interface via TEM and EDS also verifies the
NDb segregation at the ribbon interface (see supplementary Fig. S4).
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of Alloy 2 in (c) cross-section and (d) top section.

3.2.2 Precipitate distribution and type

Alloy 1 in (a) cross-section and (b) top section, and

As shown in Fig. 6(a) and Fig. 6(b), numerous precipitates are seen uniformly distributed in the Cu matrix
for Alloys 1 and 2, which are rich in both Cr and Nb. Besides, Alloy 2 has more precipitates than that of
Alloy 1. The EDS map analysis provides the element content for both Alloy 1 (0.8wt. %Cr, 0.5wt. %NDb)
and Alloy 2 (2.2wt. %Cr, 1.3wt. %Nb), which is quite consistent with the composition measured by plasma-

optical emission spectrometry (as listed in Table 1).
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Fig. 6. High-resolution SEM and EDS map analysis on the cross-section of (a) Alloy 1 and (b) Alloy 2.

XRD analysis conducted on both Alloy 1 and Alloy 2 verifies the existence of multiple phases other than
cubic Cr2Nb, as shown in Fig. 7. Cubic C15 Laves-phase CraNb (refer as cubic Cr,Nb), hexagonal C14-
phase Cr:Nb (refer as hexagonal Cr2Nb), and a-BiF3 cubic structured CrsNb exist in Alloys 1 and 2, and
the primary precipitate in Alloys 1 and 2 is cubic CraNb. The fraction of cubic Cr.Nb, hexagonal Cr,Nb,
and CrsNb in Alloy 2 is larger than Alloy1, probably due to the higher percentage of alloying additions in
Alloy 2 compared to Alloy 1. Note that the existence of CrsNb is not predicated by the thermodynamics
calculation.
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Fig. 7. XRD analysis on Alloy 1 and Alloy 2.

To further investigate the morphology of various CrNby precipitates and their potential orientation
relationship with the Cu matrix, S/TEM characterization was conducted on Alloy 2 to reveal the atomic-
level interfacial structures between matrix and precipitate particles. Two types of Cr«Nby precipitate
particles were observed in the examined sample — one being the primarily anticipated cubic CroNb phase
and the other being the CrsNb phase. First, the primary precipitate cubic Cr.Nb exhibits a relatively
equiaxed particle morphology, as depicted in bright-field imaging and EDS maps (Fig. 8(a)). Additionally,
a residual Cr particle attached to one of the Cr,Nb precipitates was observed. The attachment indicates that
the Cr particle may have nucleated from a Cr.Nb precipitate, wherein heterogeneous nucleation occurred
to lower the energy barrier. In a series of tilting experiments performed on both the Cu matrix and Cr.Nb
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precipitate (Figs. 8(bi-4), no preferred orientation relationship was detected. Notably, however, nearly every
Cr2Nb particle contains twin boundaries internally, the influence of which on overall properties warrants
further investigation. Second, the CrsNb phase has a lath or plate-like shape but a less amount, consistent
with XRD results. Detailed crystallography analysis of the interface structure (Figs. 8(ci-4)) suggests an
orientation relationship between Cu matrix and CrsNb particle as <110>¢y//<110>¢anp and <1-11>¢,//<20-
2>canp. The interface is assumed to possess greater coherency compared to that between matrix and the
observed CraNb. The interface coherency is expected to play a role in the mechanical and electrical
properties of the processed materials.
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AR X Ay

Remained Cr
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110> zone

20 1/nm

Cu<110> § Cr3Nb <110>

Fig. 8. (a) TEM-EDS analysis on Cr-Nb precipitates in Alloy 2, (b:-s) TEM analysis at cubic CraNb/Cu
interface, (c12) TEM analysis at CrsNb/Cu interface, (cs.4) Selected area diffraction pattern and simulated
diffraction pattern at the CrsNb/Cu interface, corroborating their interfacial orientation relationship.

3.3 Simulation analysis

DFT simulation was conducted to understand the speciation and formation of the precipitates from an
atomistic perspective. The cubic C15 Laves phase, hexagonal C14 phase of CraNb, and CrsNb which has
an a-BiF3 cubic structure were considered to ensure consistency with experimental observations and phase-
diagram predictions; CrsNb precipitates were not included in the present study and may be the subject of
future explorations. Periodic unit cells of CroNb and CrsNb representing their respective bulk phases were
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optimized relaxing both the cell parameters and positions of the atoms in DFT simulations (Fig. 9). The
optimized structures were subsequently used in AIT calculations, where supercells of 3x3x3, 3x3x2, and
2x2x2 were used for the cubic Cr.Nb, hexagonal CrNb, and CrsNb, respectively, so that they have a length
of at least 1 nm along each lattice vector. The Gibbs free energy of formation AGs° of the cubic phase is
within 2.77 kd/mol at 0-1000 K (Fig. 10), while that of the hexagonal phase is slightly larger (10.65-16.16
kJ/mol). Cr3Nb, on the other hand, has a AGs° of ~58.40 kJ/mol which is at least 260% larger than either of
CroNb phase. Indeed, the simulations predicted that the cubic C15 Laves phase has a very small AG¢° (less
than 30 meV per Cr.Nb formula unit) within 1000 K, indicating a great tendency for it to form in this
temperature range that is consistent with phase-diagram predictions. The hexagonal C14 phase is slightly
less stable than the cubic phase at 0-1000 K, which also matches with the experimental observation of both
phases and a dominating cubic phase. Specifically, the difference in AG® is ~0.11-0.14 eV per Cr.Nb
formula unit between the two phases (Table 2), representing a nontrivial difference that still can be
overcome at the temperatures used in fabrication (estimating the average particle kinetic energy as 3/2 kT,
which is ~0.1 eV at 800 K) and providing an explanation for the presence of both types of Cr:Nb in the
synthesized Alloys 1 and 2. It is noteworthy that the AGs° of the cubic phase becomes negative at 1000 K
(Fig. 10 and Table 2), indicating that the formation of such a phase becomes thermodynamically favorable
and happens spontaneously as long as the kinetic reaction energy barrier can be overcome. Finally, CrsNb’s
much larger AG® validates its scarce amount observed in the XRD and TEM measurement. The AG® of
Cr3Nb remains almost constant at 0-1000 K, different from the CroNb phases of which AG¢® monotonically
decreases with temperature (Fig. 10 and Table 2).

(c)

[001]

[100]

[010]

Fig. 9. The optimized structures of (a) cubic C15 Laves phase Cr.Nb, (b) hexagonal C14 phase Cr.Nb,
and (c) CraNb which has an a-BiF3 structure. Cr atoms are colored blue and Nb atoms are colored green.
The black box represents the boundary of the periodic simulation cell.
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Fig. 10. The Gibbs free energy of formation AG¢° of cubic C15 Laves phase Cr.Nb, hexagonal C14 phase
Cr2Nb, and CrsNb at 0-1000 K, obtained from DFT simulations and AIT calculations [28].

Table 2. The structure and Gibbs free energy of formation AG° at 0, 300, 500, and 1000 K of different
Cr-Nb composites predicted from DFT simulations and AIT calculations.

Structure AG¢° (kJ/mol)
0K 300 K 500 K 1000 K
Cubic C15 Laves Cr,Nb 2.77 2.16 1.46 -0.38
Hexagonal C14 Cr,Nb 16.16 15.06 13.84 10.65
CrsNb 58.30 58.42 58.40 58.29

The electrical conductivity of Cu/CraNb interfaces was further investigated to understand the electrical
conductivity evolution in the Cu-Cr-Nb alloys due to the presence of the precipitates. The CrsNb precipitate
was not considered due to its scarce amount and the resultant trivial impact on the overall properties of the
alloy. Since no clear orientation dependence was observed for the Cu/CrzNb interfaces, an ideal case was
started where Cu and cubic Cr,NDb are joined by their (100) surfaces with all three lattice vectors aligned,
respectively. The simulation box consists of 2x2x2 conventional face-centered-cubic Cu unit cells (lattice
constant a = 3.615 A) interfacing 1x1x1 Cr,Nb unit cell (a=6.925 A) (Fig. 11). As a result, there is a lattice
mismatch of 4.2% where CraNb is stretched. The simulation box has periodic boundary conditions, so the
structure effectively represents a superlattice along the [100] lattice vectors of the two materials. Geometric
optimizations performed using DFT vyielded a stable structure. The electrical conductivity (o) of the
structure was then calculated based on the Boltzmann transport equations (BTE):

0
g=e’[[TpVok ®VoxToxS(k = ko) % (— %ﬁm) du, (3)
where e is the elemental charge, b refers to the electronic bands, k stands for the k-points which loop over
the entire first-Brillouin zone, v and T are the drift velocity and scattering rate of electrons, respectively, u
is the chemical potential, f is the Fermi-Dirac distribution function, and T is temperature. All the terms in
Equation. (3) were derived from the electronic band structures which can be obtained from the DFT
simulations except for the scattering rate t, which was estimated using values of Cu from literature [35,36]
since the number of precipitates is small (less than 2%) compared to the Cu matrix.

13



The BTE calculations showed that o of the Cu/Cr.Nb interface is 55% IACS and 0.5% IACS along and
across the interface, respectively. A comparative calculation of ¢ was conducted across Cu grain
boundaries (GB), especially the high-angle twin boundaries (HATBs) which are high-angle GBs (HAGBs)
that widely appear in polycrystalline Cu [37]. The incoherent ). 3 twin boundary (ITB) which has a
misorientation angle of 60 °, was chosen to represent the HATB. A simulation box representing ITBs with
a density of 0.56 GBs/nm was used in the DFT simulations. The density of the GBs is higher than what is
commonly observed in experiments resulting in a more severe structural deformation. BTE calculations
showed a o of ~0.03% IACS across the Cu HATB, which is an order of magnitude lower than the ¢ across
the Cu/Cr,Nb interfaces. This suggests that at least one type of the Cu/CrNb interfaces likely have lower
resistance to carrier transport than the intrinsic Cu HATBs, which is consistent with the fact that the Cu-
Cr-Nb alloy retains an excellent o if the dominant Cu/Cr.Nb interfaces from precipitates do not introduce
more electrical resistance than the common Cu HATBs. It should be noted that both the Cu/Cr,NDb interface
and Cu ITB used in the simulations suffered from severe lattice deformation due to the small systems used,
more so in the latter case. This likely contributed to an underestimated electrical conductivity due to the
disorders for both structures while the Cu ITBs may be underestimated more.
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Fig. 11. The optimized structures of Cu/Cr.Nb interfaces joined by their (100) planes. Cr and Nb atoms
are colored the same way as in Fig. 9 while Cu atoms are represented by orange spheres.

Since the electrical conductivity of Alloys 1 and 2 were 3.6% and 6.6% lower respectively than pure Cu, it
stands to reason that the alloying additions are enabling energy carrier scattering in the microstructure of
the alloys compared to pure Cu. Precipitate interfaces, grain boundaries, and dislocations are well-known
scattering locations for carriers [38]. DFT results show that the conductivity (conductance) across the
Cu/Cr2Nb interface is higher than the Cu HATB implying that the Cu/Cr;Nb interface is more conducive
for carrier transport which is unexpected. The electrical conductivity of Cr.Nb is much lower than that of
Cu; carriers entering Cr.Nb may scatter in the interior of the precipitate resulting in relatively lowered
conductivity of Alloys 1 and 2. It is entirely possible, on the other hand, that the conductivity (conductance)
across the other lower angle grain boundaries in the Cu matrix is comparatively higher than the Cu/Cr,Nb
which may also create parallel preferential pathways for the carriers such as electrons and phonons in the
alloy microstructures. The conductivity (conductance) of the interface between the Cr species attached to
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the CraNb precipitates observed via TEM analysis is also unknown and may be a source of scattering.
Interestingly, Cu/CrsNb interfaces were not analyzed in this study since it was beyond the scope of the
present work, while its scarce amount could not have generated a pronounced effect in the alloys either;
however, it is hypothesized that the conductivity (conductance) across the interface to be higher if not
similar to that of the Cu/Cr.Nb interface owing to the coherency of the CrsNb precipitates with the
surrounding Cu matrix. ldentifying the different sources of scattering and loss of conductivity within the
alloy due to the alloying additions or process-induced microstructural features such as dislocations or grain
boundaries is crucial in optimizing the electrical performance of such high-strength high-conductivity Cu
alloys.

4, Conclusions

In summary, with the Cr/Nb atomic ratio kept at 2, two Cu-Cr-Nb alloys were fabricated from vacuum
induction melting, melt spinning, consolidation, brazing, and baking. Initial thermodynamic calculations
suggested that Cr2Nb is the most stable second phase. This was validated by experimental characterizations
using TEM and XRD, where cubic C15 Laves-phase Cr.Nb were found as dominant precipitates in both
alloys. These cubic C15 Cr:Nb precipitates mainly form inside the Cu grains without a clear
crystallographic orientation dependence between the precipitates and matrix. In addition, a non-trivial
number of precipitates formed by hexagonal C14 CraNb were also observed. This is corroborated by ab
initio thermodynamic calculations based on DFT where the cubic Cr.Nb phase was found to have a very
small Gibbs free energy of formation AGs° (-0.40-2.77 kd/mol) while that of the hexagonal phase is slightly
higher (10.65-16.16 kJ/mol). A potentially new phase, a-BiF3 structured CrsNb was also captured in scarce
amount despite simulations showing a much higher AG® of ~58.4 kJ/mol. The alloys show enhanced
hardness compared to Cu, which is attributed to the presence of Cr-Nb precipitates, while their electrical
conductivity was found to be comparable. A possible explanation suggested by DFT simulations is that the
dominant CroNb precipitates while forming interfaces with the Cu matrix, do not lower the overall electrical
conductance to a significant extent, as the electrical conductivity (conductance) of Cu/CrzNb interface is an
order of magnitude higher than that of high angle grain boundary in the Cu matrix. The properties of the
alloy align with those of the same type from previous studies, and two equations were proposed to describe
the relationship between hardness and alloying content, and electrical conductivity and alloying content,
respectively. While the newly discovered phase of CrsNb could not have generated a pronounced effect on
the alloy properties due to its scarce amount, its structure, and related properties, especially the coherent
interface it forms with the Cu matrix as was observed in the experiments, could potentially lead to
unexpected electrical conductance across such interfaces. Further investigation into this topic is helpful in
exploring more possibilities in the Cu-Cr-Nb alloys.
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