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Report Abstract

A new generation of ternary in situ metal matrix composites, based on Cu-Ag-Nb and
Cu-Ag-Cr, with high strength, high conductivity, and a comparatively low melting
point are investigated in this project and suggested for applications in the fields of

high field magnet design and robotics.

The samples were manufactured by inductive melting, casting, and wire drawing. The
report concentrates on the investigation of the mechanical and electromagnetic
properties and their relation to the microstructure, as well as on aspects associated

with the industrial production of such compounds.



1 Introduction

Binary metal matrix composites (MMC) containing Cu as matrix and a bcc refractory metal
[1-12] or fcc Ag [13-19] as a second phase represent of class of materials with a high strength and a
high conductivity. Although substantial progress was made in optimizing these alloys with respect
to particular applications in the field of robotics [20] and high field magnet design [21-27], some
subtleties associated with the dislocation-filament interaction and the superconductivity (in alloys
containing Nb) as well as their industrial mass production remain major unsolved issues [28-37].

This report introduces a new generation of ternary alloys [38], focussing on Cu-Ag-Nb and
Cu-Ag-Cr composites, with the aim to combine the hardening effects of Ag (fine precipitates,
filaments, eutectic) with those of the bcc phase (filaments), and at the same time simplify the
processing through a decrease of the melting point. The alloys were processed by inductive melting
and manufactured by wire drawing at room temperature with and without intermediate annealing.
Due to the partial replacement of the high melting bcc elements (Nb, Cr) by Ag, the melting points
of the alloys are much below those of the classical Cu-bcc composites. For a given chemical
composition the filament morphology and topology mainly determines the strength and the
electrical properties of MMCs. This report hence draws particular attention to the microstructure
evolution in the course of manufacturing. The obtained data are used to explain the observed
mechanical and electrical properties [39].

2 Material synthesis and experimental methods

A Cu-8.2%Ag-4%Nb and various Cu-(1-5)%Ag-(5-10)%Cr alloys were prepared by
inductive melting (%=mass%). From the cast cylindrical ingots wires were produced by rotary
swaging and drawing through hard metal drawing bench dies up to true wire strains above n = 10.
The Cu-Ag-Nb alloy was drawn without intermediate annealing. For the Cu-Ag-Cr alloys various
annealing treatments were used. Further manufacturing details are reported elsewhere [40].

Optical and scanning electron microscopy (SEM) was employed to determine the morphology
and topology of the Ag, Cr, and Nb fibers. Due to insufficient contrast, an unambiguous optical
identification of the various phases was sometimes not possible. The samples were thus additionally
analyzed using energy-disperse X-ray spectrometry (EDX). The morphology of the isolated Nb
fibers was additionally investigated by use of a selective etching technique, where the Cu and Ag
were dissolved by dilute nitric acid. Vickers hardness measurements were carried out on samples
which were prepared by grinding and etching. Tensile tests on deformed wire samples were
conducted at 298 K and at 77 K.



3 Experimental results and discussion

3.1 Mechanical properties

Fig. 1 exemplary shows the Nb in the
microstructure of as-cast Cu-8.2% Ag-4% Nb after
removing the matrix and the Ag by etching. The Ag
had a lamellar shape and formed a Ag-Cu eutectic.
Some of the eutectic domains solidified around
primary Nb. The Nb appeared in the form of Wulff-
polyhedra and dendrites with an average diameter of
dnp =~ 1481 nm. Fig. 2 shows the evolution of the Nb
into filaments. At low strains (n<4), the Nb
morphology appeared inhomogeneous. While some
dendrite arms revealed strong elongation, others
appeared almost undeformed. With increasing strain
(4 <n <10.5), the filament morphology became more
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Fig. 2 Morphological evolution of the Nb filaments during wire drawing, n = 2.59-10.5.

uniform. At maximum strain (n = 10.5) the fibers had an average diameter of dn, ~ 66 nm. The
smallest observed filaments were below 33 nm. The random distribution of the dendrites is a
preparation artifact. Fig. 3 shows the Nb filament diameter, dnp, as a function of the wire strain. The
Ag filaments in the Cu-Ag-Nb were at low strains shorter and thicker than the Nb filaments. With
increasing strain their morphology became more similar to that of the Nb. At a wire strain of n
= 3.6 the average Ag filament diameter amounted to dag = 676 nm and at n =6 to dag = 260 nm.
The corresponding data for the Cu-Ag-Cr are also shown in Fig. 3.
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Fig. 3 Filament thickness of the Cr and Nb filaments in Cu-Ag-Cr and Cu-Ag-Nb.
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Fig. 4 Ultimate tensile strength for as a function of the true wire strain.

Fig. 4 shows the
course of the ultimate
tensile strength (UTS)
for various alloys as a
function of the true
wire strain. The UTS
of the Cu-Nb-Ag wire
at ambient
temperature increases
exponentially and
reaches a maxi-mum
value of about
1841 MPa at a strain
of n=10.5. At 77 K it
was even larger by
about 300 MPa.

Fig. 3 substan-
tiates that the diameter
of the Nb in the in-
vestigated ternary Cu-
Ag-Nb alloy is smaller
than in the binary Cu-

20 %Nb alloys®. This applies not only for the diameter in the as-cast state but also for the further
thickness drop during drawing. A compa-rison of the fitted curves shows that the exponential drop
of the Nb filament thickness is even steeper in the ternary than in the binary alloy. The ternary

! the Nb filament data for the Cu-20%Nb MMC were taken from the paper of Heringhaus et al. [12].



material thus contains small Nb filaments already at medium wire strains (n~4-6) with a

thickness below those observed in the binary MMC.

This
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Fig. 6 Resistivity of the Cu-Ag-Nb MMC.

vides advantageous
properties already
at medium wire
strains. This aspect
is particularly re-
levant, since in most electro-
magnetic applications very thin
wire dimensions are to be
avoided. The effect of these
microstructural ~ improvements
with respect to earlier Cu-Nb
alloys is demonstrated in Fig. 5,
which shows the UTS as a
function of wire strain for Cu-
8.2%Ag-4%Nb and two Cu-
20%Nb alloys [42] with different
Nb dendrite diameters in the as-
cast state. This diagram sub-
stantiates that the UTS of the
ternary material with a total alloy
content of only 12.2% exceeds
that of Cu-20%Nb up to wire
strains of n = 8. At larger strains
it shows a similar strength as Cu-
20%Nb with an initial dendrite
diameter of 3.8 um.



3.2 Electromagnetic properties

Fig. 6 shows the evolution of the electrical resistivity of the Cu-Ag-Nb alloy at 295K and 77K
during wire drawing. The resistivity increases considerably with the degree of deformation. The
strong dependence may be chiefly attributed to the scattering of conduction electrons at the various
phase boundaries. This effect becomes particularly pronounced when the average filament spacing
is, after heavy deformation, of the same order of magnitude as the mean free path of the conduction
electrons in the Cu and the Ag phase. Since the Cu-Ag interfaces have a low, and the Cu-Nb and
Ag-Nb interfaces a very high amount of inelastic scattering, the latter are assumed to be primarily
responsible for the observed increase in resistivity.
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Fig. 7. Relative change in resistivity as a function of wire strain due to the size effect.

The mean free path of conduction electrons in pure Cu amounts to 1=43-45 nm at 293K and |=
138-145 nm at 77K. Applying the theory of electron scattering at the surface of very thin wires
[11,12,45-49] one can quantitatively assess the increase in resistivity as a function of strain by
representing the three phases as linear resistors connected parallel, with the resistivity of each phase
varying according to its actual filament thickness, Fig. 7. It is straightforward to show that the
contribution of interface scattering to the overall resistivity considerably exceeds that of the
inelastic scattering at the dislocation cores. The electrical resitivity of the various Cu-Ag-Cr alloys
was for all investigated samples below that of comparable Cu-Ag-Nb samples.



Fig. 8 shows the transition of a Cu-Ag-Nb MMC wire (n=7) from the normal resistive to the
superconducting state. This is a quite surprising result since only 4mass% of the sample should
have superconducting properties (Nb, T¢ =9.2K). In the microstructure investigation, however, no
Nb filaments were observed to have a length comparable to the distance between the voltage leads
(12-15cm). Thus it is not likely that a continuous connection of Nb ribbons existed over the
distance examined.
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Fig. 8 Transition of the Cu-Ag-Nb MMC to the superconducting state

The observed superconductivity can hence only be explained in terms of the occurrence of
weak links between the isolated Nb filaments, i.e. in terms of a local penetration of the
superconducting state into the Cu matrix (metal-metal proximity effect). However, corresponding
simulations using the Ginzburg-Landau theory, which essentially show that weak links can only
exist within the order of the coherence length of Nb, give an unclear picture of the surprising
stability of the superconducting state in this material.



4 Conclusions

A ternary in situ Cu - 8.2 mass% Ag - 4 mass% Nb and various ternary Cu - (1-5) mass% Ag - (5-
10) mass% Cr in situ MMCs were manufactured by melting, casting, and wire drawing. The
microstructure was investigated using electron microscopy and EDX. The mechanical properties
were determined using tensile and hardness tests. The electromagnetic properties were examined
using four probe DC tests at various temperatures. The main results are:

The Cu-Ag-Nb material was very ductile. A maximum wire strain of n =10.5 was reached
without intermediate annealing. The various Cu-Ag-Cr alloys were more brittle, so that an
intermediate annealing treatment had to be carried out during drawing as a rule.

Cu-Ag-Nb wires of maximum strain (nmax = 10.5) had an UTS of 1840 MPa and 46% of the
conductivity of pure Cu (IACS). The various Cu-Cr-Ag alloys generally had a lower strength
and conductivity.

The wire strength of all investigated ternary alloys was much larger than predicted by the linear
rule of mixtures. Up to n ~ 8 the UTS of Cu-Ag-Nb was even larger than that of the classical
Cu-20 mass% Nb compound, although it had a lower total alloy content of only 12mass%.

The observed mechanical properties of the ternary MMCs can be interpreted in terms of a Hall-
Petch or phase barrier type effect that chiefly arises from lattice dislocation pile ups at the
interfaces.

The electrical conductivity of the ternary composites at large strains decreased with increasing
strain. This can be attributed to the size effect, i.e. to the inelastic scattering of the conduction
electrons at the internal interfaces.

The ternary Cu-Ag-Nb sample revealed type Il superconducting behavior, although only 4% of
the sample (Nb) had superconducting properties. This phenomenon could not be consistently
explained on the basis of the phenomenological Ginzburg-Landau approach.



Acknowledgements

The authors are indebted to J.D. Embury and G. Gottstein for fruitful discussions. The support by
the National High Magnetic Field Laboratory, Tallahassee, Florida, where some of the experiments
were carried out has to be mentioned with gratitude.



5 References

[1] J. Bevk, J.P. Harbison, J.L. Bell, J. Appl. Phys. 49 (1978) 6031.

[2] K.R.Karasek, J. Bevk, J. Appl. Phys. 52 (1981) 1370.

[3] P.D. Funkenbusch, T.H. Courtney, Acta metall. 33 (1985) 913.

[4] W.A. Spitzig, A.R. Pelton, F.C. Laabs, Acta metall. 35 (1987) 2427.

[5] W.A. Spitzig, P.D. Krotz, Scripta metall. 21 (1987) 1143.

[6] P.D. Funkenbusch, J.K. Lee, T.H. Courtney, Metall. Trans. A, 18 (1987) 1249.

[7] L.S.Chumbley, H.L. Downing, W.A. Spitzig, J.D. Verhoeven, Mat. Sc. Eng. A117 (1989) 59.

[8] P.D. Funkenbusch, T.H. Courtney, Scripta metall. 23 (1989) 17109.

[9] W.A. Spitzig, Acta metall. 39 (1991) 1085.

[10] W.A. Spitzig, H.L. Downing, F.C. Laabs, E.D. Gibson, J.D. Verhoeven, Metall. Trans. A
24 (1993) 7.

[11] D. Raabe, F. Heringhaus, U. Hangen, G.Gottstein, Z. Metallk. 86 (1995) 405.

[12] F. Heringhaus, D. Raabe, G. Gottstein, Acta metall. 43 (1995) 1467.

[13] H.E. Cline, D. Lee, Acta metall. 18 (1970) 315.

[14] G. Frommeyer, G. Wassermann, phys. stat. sol. A 27 (1975) 99.

[15] G. Frommeyer, G. Wassermann, Acta metall. 23 (1975) 1353.

[16] Y. Sakai, K. Inoue, H. Maeda, Acta metall. 43 (1995) 1517.

[17] Y. Sakai, H.-J. Schneider-Muntau, Acta metall. 45 (1997) 1017.

[18] F. Heringhaus, Ph.D. thesis, Institut fir Metallkunde und Metallphysik, RWTH Aachen,
Germany, and National High Magnetic Field Laboratory, Tallahassee, USA (1997) in press.

[19] K.Y. Sohn, Ph.D. thesis, Department for Materials Science and Engineering, University of
Florida, Gainesville, USA (1997).

[20] D. Raabe, K. Miyake, H. Takahara, soon to be published.

[21] S. Foner, E. Bobrov, IEEE Magnetics 24 (1987) 1059.

[22] T. Asano, Y. Sakai, K. Inoue, M. Oshikiri, H. Maeda, IEEE Magnetics 28 (1992) 888.

[23] F. Heringhaus, Y.M. Eyssa, P. Pernambuco-Wise, M.D. Bird, G. Gottstein, H.-J. Schneider-
Muntau, Metall 50 (1996) 272.

[24] J.D. Embury, M.A. Hill, W.A. Spitzig, Y. Sakai, MRS Bull. 8 (1993) 57.

[25] F. Heringhaus, R. Leffers, G. Gottstein, H.-J. Schneider-Muntau, Processing, Properties,
and Application of Cast Metal Matrix Composites, TMS Fall Meeting, 1 (1996) 127.

[26] H.-J. Schneider-Muntau, IEEE Transact. on magnets 18 (1982) 32.

[27] J.T. Wood, J.D. Embury, M.F. Ashby, Acta mater. 45 (1997) 1099.

[28] J.G. Sevillano, Journ. de Physique 111 6 (1990) 967.

[29] U. Hangen, D. Raabe, Acta metall 43 (1995) 4075.

[30] J.T. Wood, Ph.D. thesis, McMaster University, Canada (1994).

[31] J.D. Embury, private communication (1997).

[32] D. Raabe, F. Heringhaus, phys. stat. sol. A 142 (1994) 473.

[33] D. Raabe, U. Hangen, Acta metall. 44 (1996) 953-961.

[34] D. Raabe, U. Hangen, phys. stat. sol. A 154 (1996) 715.

[35] D.J. Chakrabati, D.E. Laughlin, Bull. Alloy Phase Diagramms 2 (1982) 936.

[36] G.l. Terekhov, L.N. Aleksandrova, Izvest. Akad. Nauk SSR. Metally 4 (1984) 210.

[37] J.L. Murray, Metall. Trans. A 15 (1984) 261.

[38] W.A. Spitzig, unpublished data.

[39] D. Raabe, D. Mattissen, soon to be published.

[40] D. Raabe, D. Mattissen, Metall, in press (1997).



[41]

[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]

J.D. Verhoeven, W.A. Spitzig, F.A. Schmidt, P.D. Krotz, E.D. Gibson, Jour. of Mat.

Sc. 24 (1989) 1015.

J.D. Verhoeven, L.S. Chumbley, F.C. Laabs, W.A. Spitzig, Acta metall. 39 (1991) 2825.
D. Raabe, U. Hangen, Comp. Mater. Sc. 5 (1996) 195.

C. Trybus, W.A. Spitzig, Acta metall. 37 (1989) 1971.

J.G. Rider, C.T.B. Foxon, Phil. Mag. 16 (1967) 1133.

F.W. Reynolds, G.R. Stillwell, Phys. Rev. 88 (1952) 418.

R.B. Dingle, Proc. Soc. London Ser. 201 (1950) 545.

E.H. Sondheimer, Adv. Phys. 1 (1952) 545.

D. Raabe: Comp. Mat. Sc. 3 (1995) 402.



