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Abstract

A Cu-based metal matrix composite containing 20 wt% Nb was cast and heavily deformed by large strain cold rolling. During
deformation, the initial Nb dendrites form into elongated filaments. The substructure of single Nb fibers was investigated by use
of TEM, EDX and SAD. In heavily rolled specimens (€=99.4%), elongated dislocation cells as well as randomly arranged
dislocations were observed. Furthermore, numerous amorphous areas were discovered within the Nb. Some of these non-
crystalline areas extended over the entire filament width. The shrinkage of amorphous zones during heating was directly observed

in the TEM.

1. Introduction

Cu and Nb have negligible mutual solubility in the
solid state [ 1,2]. Fibre reinforced metal matrix com-
posites (MMCs) consisting of a Cu matrix and 5-20
wt% Nb can hence be manufactured. Since the forma-
tion of elongated Nb filaments is simply achieved by
heavy cold rolling [3-5] or wire drawing [6—11] of a
cast ingot, the production technique employed is often
referred to as in situ processing. Cu—-Nb MMCs are
well known for their very high strength and good elec-
trical conductivity [3—-11]. As was first demonstrated
by Bevk et al. [6] and studied in detail by Spitzig an
co-workers [3,7,8], tensile strengths exceeding 2000
MPa can be obtained after heavy wire drawing. Owing
to its remarkable properties, MMCs consisting of Cu
and Nb have been under thorough investigation in the
past 15 years.

The current investigation is mainly concerned with
the high strength of the composite. More precisely, the
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dominant goal of the study submitted 1s the examina-
tion of the microstructure of the Nb filaments extracted
from a cold rolled Cu-20 wt% Nb MMC rather than
measuring their average spacing and diameter.
Whereas the examination of the topological features
and electrical properties of Cu—20 wt% Nb has been
subject to thorough investigations in the past (e.g. Refs.
[|3-11]), a detailed study tackling the microstructure
of the Nb filaments, the isolation and preparation of
which 1s highly intricate, was not yet submitted. In the
work of Trybus and Spitzig on rolled Cu-20 wt% Nb
[3] as well as in the analysis of Pelton et al. [ 12] on
wire drawn samples, dislocation densities on the order
of 10" m 2 as well as areas completely void of dislo-
cations were reported (0 occur in the Nb filaments. The
discovery of their local amorphization, however, which
is claimed to be the most relevant result of the present
work, has not yet been discussed. The nomenclature in
the field of metallic glasses 1s quite vague. The terms
“‘amorphous’ or “‘non-crystalline’” commonly ndi-
cate the complete absence of structural regularity. The
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term ‘‘glassy’” [ 13] accommodates the possibility of
short or intermediate range order. However, since 1n
the present case the exact state of order is not known,
in the following the various terms are employed syn-
onymously.

2. Experimental

2.1. Metallurgical processing, rolling deformation
and annealing treatments

The Cu—-20 wt% Nb alloy was melted in an induction
furnace using a frequency of 10 kHz and a power of 30
kW [14-16]. Both constituents had a purity of about
09,99 wt%. Following the Cu—Nb phase diagram [ 1],
a melting temperature of at least 1750°C i3 recom-
mended for Cu 20 wt% Nb. Since other authors [2]
reported the occurrence of a miscibility gap in the iquid
phase owing to the presence of interstitial atoms like
H, N, C and O, however, a temperature of 1830-1850°C
was employed. Cu and Nb have similar densities
(pee = 8890 kg/m?, py, = 8580 kg/m”). Gravitational
segregation does hence not occur. Details concerning
the metallurgical procedure are discussed elsewhere
[4,14]. After casting, specimens were produced by
cold rolling. The investigations were concentrated on
filaments extracted from the three maximum rolling
degrees achieved, namely €=97.2%, e=98.8% and
€=99.4%.

After having discovered non-crystalline areas in the
Nb filaments, various annealing treatments were car-
ried out in the TEM in order to directly observe crys-
tallization. After a heat treatment at 573 K (30 min)
and a subsequent annealing at 673 K (10 min) no
crystallization was detected. During heating at 773 and
873 K, respectively (f,,,x=15 min), the growth of
crystalline into glassy areas was directly observed.
After annealing at 873 K (15 min), the samples were
cooled down to 673 K because crystallization pro-
ceeded too quick. The same applied for heat treatments
at 923 K (#,,.,= 10 min) and 973 K (t,,,, =30 mn).
The latter annealing led to complete crystallization of
glassy areas.

2.2. Electron microscopy

For investigation of the Nb filaments, transmission
electron microscopy (TEM) and for examining their

morphology and topology scanning electron micros-
copy (SEM) was used. In order to avoid heating and
mechanical loading of the specimens a new foil prep-
aration technique was introduced. For providing flat
sections, rolled samples were first cleaned in alcohol
using ultrasonic vibrations. Subsequently, a thin Cu
layer of some microns was removed by etching with a
solution of 50 ml H;PO, and 50 ml H,O (T=268 K,
/=20 V). In contrast to HNO; which also etches Nb,
this solution exclusively affects the Cu matrix. After
etching, the procedure was interrupted and the sample
was cleaned again. In order to dissolute the Nb fila-
ments laid open, in the subsequent step the specimen
was etched in a solution of 50 ml alcohol, 50 ml HF
and 20-30 ml HNO; (7=300 K, U=0 V). This suc-
cessive procedure was repeated until perforation was
nearly achieved. The last etching was then carried out
by carefully dissolving the residual Cu close to the hole.
By application of this technique any heating of the
samples as is usually caused by mechanical thinning,
dimpling (up to 450 K) or ion beam treatment (up to
600 K) was avoided.

The samples were examined employing a JEOL
FX2000 operated at 200 kV using bright-field (BF),
dark-field (DF) and selected area electron diffraction
(SAD) techniques. For directly observing the struc-
tural regularity, high resolution transmission electron
microscopy ( HRTEM) was applied [ 17]. For this pur-
pose a JEOL EX2000 operated at 200 kV was used.
The chemical analysis was locally determined by use
of energy-disperse X-ray spectrometry (EDX).

3. Results and evaluation
3.1. Morphology and dislocation arrangements

The as-cast Cu—20 wt% Nb sample contained pri-
mary Nb dendrites embedded in the Cu matrix. After
dissolving the Cu using HNO;, metallography was exe-
cuted on isolated Nb dendrites (Fig. 1). The average
diameter of the secondary dendrites was d,=2.2 £0.4
pum. After the highest deformation investigated
(€=99.4%) an average filament thickness of 104 nm
and minimum values of less than 50 nm were found.
The average filament width after e=99.4% was about
4000 nm (Fig. 2).
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Fig. 1. Nb dendrite (as cast), chemically isolated from the Cu matrix
(SEM).

Fig. 3. Flat section of Nb filaments, TEM (e=99.4%). (a) Elongated dislocation cells. (b) Randomly arranged dislocations and dislocation

tangles,

As is evident from Fig. 3 in filaments of all three
deformation degrees investigated, elongated disloca-
tion cells as well as densely arranged dislocation tan-

gles were observed. Maximum dislocation densities ol

10" m~? were determined locally in highly tangled

areas (Fig. 3b). Furthermore, some arcas containing

only few elongated dislocations with densities, not
~ 12 2 :

exceeding 10" m © were discovered.

3.2. Non-crystalline areas in the Nb filaments

In many Nb filaments which were extracted from
cold rolled samples glassy areas were discovered.
These regions frequently expanded over the entire hil-
ament width. In order to differentiate between the
glassy state and simply dislocation free but crystalline
areas ( the occurrence of which was reported by Trybus
and Spitzig [3]) the loss of structural regularity was
in all cases checked by use of SAD, DF and HRTEM
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Fig. 4. Flat section of a Nb filament containing a glassy area ( arrows )
which extends over the entire filament width (e=99.4%)}.

[17]. By employment of EDX in the non-crystalline
as well as in the neighboring crystalline areas an
enhanced Cu content of up to 3.5 wt% was detected.

In Fig. 4 (arrow) a glassy area which 1s embedded
within the crystalline matrix and extends over the entire
width of the filament can be seen (€=99.4%). As is
evident from Fig. 5 the SAD patterns supply evidence
for the loss of structural regularity in the middle and
the preservation of crystalline structure in neighboring
arcas. Whereas the pattern taken from the middle region
clearly reveals the diffuse diffraction circles which are
typically generated by amorphous materials, both adja-
cent regions show not only crystalline diffraction pat-
terns but additionally similar orientations. An
important feature of the micrographs taken from the
non-crystalline areas is the absence of the lines stem-
ming from the thickness contrast. By employing
HRTEM [17] it was shown that the strict structural
regularity of the atoms is partially destroyed and par-
tially maintained, i.e. the structure observed is assumed
to be not entirely amorphous.

In a filament of maximum deformation the process
of crystallization during annealing was directly

observed in the TEM. Whereas at temperatures below
773 K no distinct changes were observed, at 773 K
already a slight shift of some phase boundaries sepa-
rating crystalline from glassy areas was detected. Dur-
ing heat treatment at 873 K a considerable growth of
some crystalline areas, leading to the shrinkage of the
glassy region was detected. An area, where considera-
ble movements of the phase boundaries were identified,
is indicated by an arrow in Fig. 6 (T=873 K, t=60
8,

From the micrograph and the corresponding SAD
patterns (Fig. 7) it is evident that the crystalline area,
which was in smaller magnification shown m Fig. 6
(arrow) grows into the neighboring glassy region
(T=873 K, t=120 s). After a subsequent heat treat-
ment of 973 K (#= 120 3), followed by a quenching to
023 K, the initially amorphous filament area appeared
partially crystallized (Fig. 8).

From the few micrographs and SAD patterns
depicted here which were selected from a large number
of comparable data it becomes evident that during
heavy cold rolling in the Nb filaments of a Cu—20 wt%
Nb composite massive phase transformation into the
glassy state takes place.

3.3. Influence of non-crystaliine regions on the
strength

The influence of the presence of non-crystalline areas
on the strength of the Nb filaments, which considerably
affects the strength of the bulk sample, can be assessed
by using standard dispersion hardening theory. More
precisely, one has to estimate how the amorphous phase
obstructs the movement of dislocations. It 1s presumed
that the glassy areas are impenetrable to dislocations.
Based on the observations presented (Figs. 6, 8) it 1s
furthermore assumed that the glassy areas nucleate at
the filament border rather than inside. This assumption
implies that the Orowan mechanism is not relevant in
the current case. The effective decrease of the filament
width, however, gives rise to the increase of the critical
stress required to activate the weakest dislocation
source that can act between two interfaces [ 18],

o AGNbbNh lI'l (
2"“’( ]. - PNI}) I

T

il =l
Zbﬂ'h]

where G is the shear modulus, b the Burgers vector, v
Poisson’s ratio and ¢ the filament width. If the effective,
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Fig. 5. Flat section of a Nb filameni. Magnification of the scene shown in Fig. 4 (e=99.4%). SAD patterns suggest non-crystalline structure in
the middle and crystalline structure in adjacent areas.
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Fig. 7. Detail from the Nb filament depicted in Fig. 6 (rolled and annealed). The crystalline phase growths into the glassy area (T=873 K,
i=1205).

400 nn .

Fig. 8. Flat section of the Nb filament shown in Fig. 6. Partial crys-

Fig. 6. Annealed Nb filament containing a non-crystalline area tallization by movement of glass—crystal phase boundarics after an
(e=004% + T=873 K, r=0605). Begin of crystallization by move- additional heat treatment at 973 K for 2 min and subsequent quench-
ment of glass-crystal phase boundaries. Detail marked by arrow ing 10 923 K {(£=99.4%). The area already shown in detail in Fig.
i.e. the crystalline filament width is decreased by 50%, 7, reveals further shrinkage of the glassy phase (arrows).

for typical values of ¢ the critical stress increases hence
by a factor of about 1.8.
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4, Conclusions

A Cu-20 wt% Nb in situ composite was heavily cold
rolled. Nb filaments were extracted and investigated by
use of TEM, SAD, EDX and HRTEM (flat sections).
[n the filaments elongated dislocation cells as well as
randomly arranged dislocation networks were
observed. The main result, however, was the discovery
of numerous non-crystalline areas, which 1n part
extended over the entire filament widths. The shrink-
age, 1.e. crystallization of glassy areas during annealing
was directly observed in the TEM.
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