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Experimental study on the thermal stability of Cr filaments
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Abstract

We investigate Cr filaments in heavily drawn Cu–10 wt.%Cr–3 wt.%Ag in situ composite wires as a function of temperature and

time. The filaments undergo a capillarity-driven shape change from a bamboo morphology with grain boundary grooves to complete

spherodization. We interpret the results in terms of analytical models.
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1. Introduction

Owing to their excellent strength and good resistive

conductivity Cu-based in situ composites play a key role

for the manufacturing of high mechanically stressed

electrical devices. Prominent examples are in the areas

of high field capacitor driven pulsed or steady state Bit-

ter-type direct current magnet design, robotics, cables,

and electrical contacts [1–3]. While in the past, much

attention was placed on binary alloys consisting of Cu
and a body centered cubic (bcc) metal [4–12] or Cu

and Ag [13–17], less efforts were made to widen the spec-

trum of in situ metal–matrix composites towards ternary

Cu-based alloys.

Some recent investigations have aimed to fill that gap.

Morris and Joyce [18] worked on hypereutectic Cu–2

wt.% Cr–0.3 wt.% Zr alloys, Verhoeven et al. [3] on

Cu–15 wt.% Nb–2 wt.% Ag alloys, Troxel [19] on disper-
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soid-strengthened Cu–10 wt.% Nb–(0.3fi1.1) wt.%
Al2O3 alloys, Fritzemeier [20] on Cu–15 wt.% Nb–2
wt.% Ag alloys, Spitzig et al. [21] on Cu–20 wt.%

Nb–7 wt.% Ag alloys, Spaic and Pristavec [22] on

Cu–(1fi7) wt.% Ag–0.3 wt.% Zr alloys, Raabe and

Mattissen [23–25] on Cu–4 wt.% Nb–8.2 wt.% Ag alloys,

and Miyake et al. [26,27] on Cu–(4.5fi10) wt.% Cr–

(13fi3) wt.% Ag.
The basic strategy in ternary alloy development lies in

exploiting filamentary Hall–Petch-type as well as age
hardening at the same time. Both effects are due to the

interaction of mostly incoherent heterophase interfaces

with lattice dislocations. This means that the physics

of hardening in ternary alloys has the same origin as

in binary alloys. However, adding a third chemical ele-

ment allows for a larger variety of possible kinetical

paths for attaining a well tailored flow stress-conductiv-

ity profile.
During operation in magnets, the composites under-

go resistive heating. This effect may entail micro-

structural changes leading to a degradation of the

composite properties. Designing magnets for prolonged

service, therefore, requires better knowledge about the
sevier Ltd. All rights reserved.
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microscopic thermal stability and the resulting macro-

scopic property changes of the materials.

The most significant effect observed in Cu- and Ag-

based metal–matrix composites upon heat treatment is

the capillarity-driven shape change of the filaments.

The microstructural changes are characterized by the
formation of a bamboo-type morphology followed by

fiber break-up, spherodization, and coarsening. This

topological evolution was described in a number of arti-

cles [28–34]. It was also observed in these studies that the

described steps did not happen in strict consecutive

order but occurred in part simultaneously. This means

that different stages of coarsening were found in differ-

ent parts of the same sample due to the size distributions
of the filaments and the overlap of the diffusion fields.

A detailed investigation and understanding of the de-

scribed shape changes is of relevance for two reasons.

First, the strength of such in situ composites is to a large

extent governed by the spacing of the heterophase inter-

faces following a modified Hall–Petch-type relationship

[4–11]. Therefore, one may expect that filament break-

up and coarsening leads to a drop in flow stress. Second,
a more fundamental interest of this study lies in eluci-

dating the kinetics of the observed morphological

changes.
2. Experimental procedure

The Cu–10 wt.% Cr–3 wt.% Ag alloy used in this
study was melted in a vacuum induction furnace. The

ingredients were electrolytic Cu, Cr with 99.99 wt.% pur-

ity, and Ag with 99.9 wt.% purity. The alloy was cast

into a Cu mould at 1570 K. From the as-cast sample,

cylindrical ingots of 18 mm diameter were cut. Samples

were produced by rotary swaging and wire drawing. The

final total strain amounted to g=3.95 (g=ln(A0/A),
A: wire cross-section (98% engineering cross-sectional
reduction)). After plastic straining the samples were

vacuum annealed at different temperatures. Further

processing details are in [26,27].

The resulting microstructures were examined using

optical microscopy and scanning electron microscopy

(SEM). For optical investigation, the samples were

ground and etched using a solution of 50 ml C2H5OH,

50 ml HF, and 30 ml HNO3. This etching removed the
smeared out Cr debris which had formed during grind-

ing on the sample surface. The inter-filament spacing

was determined by an edge-to-edge measurement. The

morphology of the Cr dendrites and Cr fibers was meas-

ured using a selective etching, where the Cu–Ag matrix

and the precipitated Ag were dissolved by dilute nitric

acid. The experimental data of the break-up diameters

were averaged from 50 measurements. The break-up
diameter is defined as the filament diameter at which

separation of grooved filaments occurs leading to the
formation of chains which consist of disconnected por-

tions of fiber material. This means that we measured

at a given time and annealing temperature those diame-

ters of filaments which were just on the verge of pinching

off.
3. Experimental results

The as-cast samples contained Cr dendrites in a Cu–

Ag matrix. The average diameter of the Cr particles in

the as-cast state was about 5000 nm. The drawn speci-

mens (g�3.95) were characterized by elongated Cr fila-
ments which formed from the dendrites. Further details
of the microstructures before annealing are given in

[26,27].

Fig. 1a–c presents SEM micrographs taken from

transverse wire sections of the drawn Cu–10 wt.% Cr–

3 wt.% Ag alloy at a total strain of g=3.95 after different
annealing times at 1273 K. Fig. 1a shows the microstruc-

ture after 33 min (1273 K), Fig. 1b after 60 min (1273

K), and Fig. 1c after 4 h (1273 K).
Fig. 2a–c shows longitudinal sections which docu-

ment the transition from a fiber type to a bamboo-type

morphology during annealing.

The transverse micrographs in Fig. 1 reveal that the

initially heavily curled cross-sectional shapes of the Cr

filaments undergo shape changes which are character-

ized by the transition to a more cylindrical shape, fol-

lowed by competitive coarsening (e.g. Fig. 1c). The
longitudinal sections reveal that neighboring portions

in the elongated Cr filaments separate by the formation

of grooves, by the subsequent separation of the grooved

portions into a chain-line arrangement, and by the

spherodization and competitive ripening of these parts

(see also [27]).

Besides the morphological changes of the Cr fila-

ments, coarsening of the matrix grains due to normal
grain growth was also observed. Furthermore, it is an

important detail that the break-up of the filaments dur-

ing annealing often coincides with the location of large

angle grain boundaries of the matrix grains.
4. Discussion

The break-up and coarsening of metal filaments

embedded in a metal matrix occurring during annealing

were already the subject of previous investigations [28–

34]. Malzahn-Kampe et al. [28,29] were the first to show

in their work on the thermal stability of Fe plates in Cu–

Fe in situ composites that the mechanisms which induce

morphological changes in rod- or plate-shaped micro-

structures embedded in a Cu matrix and exposed to ele-
vated temperature are driven by capillary forces. The

basic starting point for an analysis of this phenomenon,



Fig. 1. SEM micrographs taken from transverse wire sections of the drawn Cu–10 wt.% Cr–3 wt.% Ag alloy at a total strain of g=3.95 after different
annealing times at 1273 K. (a) Microstructure after 33 min; (b) after 60 min; (c) after 4 h.

Fig. 2. SEM micrographs taken from longitudinal wire sections of the drawn Cu–10 wt.% Cr–3 wt.% Ag alloy at a total strain of g=3.95 after
different annealing times at 1273 K. (a) Microstructure after 33 min; (b) after 60 min; (c) after 4 h.
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therefore, is the mechanism of curvature-induced

surface diffusion [35] which is captured by the Gibbs–

Thomson equation which relates differences in the chem-

ical potential to the local curvature of an interface

Dl ¼ XKcs ð1Þ
where Dl is the difference in chemical potential of an
atom on a curved surface relative to one on a flat sur-

face, X the volume of diffusing atoms, K the difference
in local surface curvature between two surfaces, and cs
the surface energy.

The growth of a shape perturbation on a cylinder

shaped phase was analyzed already more than a cen-

tury ago by Rayleigh [36]. Nichols and Mullins [35],

Cline [37], and Weatherly [38] have applied Rayleigh�s
perturbation approach which was originally formu-

lated for a liquid cylinder to solid shapes. Their linear

stability analysis shows that if interfacial diffusion con-

trols the perturbation process, the rate of growth of

a sinusoidal disturbance in an infinite cylinder will

be given by
dd
ds

¼ dBx2
1

r20
� x2

� �
ð2Þ

where d is the perturbation amplitude, s the annealing
time; x=2p/k the spatial frequency of the perturbation,
k the wavelength of the perturbation, and r0 the initial
radius of the cylinder. The coefficient B amounts to

B ¼ DIcIX
2

kBT
ð3Þ

where DI is the diffusion coefficient for the atomic spe-

cies of the filament in the filament/matrix interface, cI
the filament/matrix interfacial energy, X the atomic vol-
ume of the diffusing species, kB the Boltzmann constant,

and T the absolute temperature. Solving this equation

gives the time required for the filaments with an initial
radius r0 to break up

s ¼
ln d

d0

� �
DIcIX

2

kBT
x2 1

r2
0

� x2
� �h i ¼

ln r0
d0

� �
BðT ÞCðr0; kÞ½ � ð4Þ
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where

Cðr0; kÞ ¼ x2
1

r20
� x2

� �
ð5Þ

and d0 is the initial sinusoidal perturbation on the sur-
face of the filament or more precisely, in the filament/

matrix interface. The value of d0 can be taken of the
order of the Burgers vector. The initial radius of the fil-

ament r0 is obviously the upper bound for the break-up

process. The basic physical picture behind this Rayleigh-

type instability approach is the assumption of critical

perturbations occurring naturally in the plastically

strained filament/matrix interface and their subsequent

amplification due to capillarity-driven interface diffu-

sion.
Mullins [39] and Ho and Weatherly [40] gave a more

precise picture of such coarsening processes by describ-

ing the incipient stage in the diffusional separation of an

elongated filament in terms of a thermal groove model.

They assumed that if an array of internal grain bound-

aries is introduced into a cylinder- or plate-like micro-

structure, an initial local mechanical equilibrium of

surface tension will be established at each of the triple
point junctions and form a grain boundary groove. This

effect leads to curvature of the interfaces which in turn

entails gradients in the chemical potential. Diffusion of

atoms leaving the curved groove in response to the

chemical potential gradient will force the groove to grow

and finally cause a plate or cylinder to separate. Accord-

ing to these works the annealing time, s, required for the
impingement of opposite thermal grooves amounts to

s ¼ r0
0:974Bm

� �4
ð6Þ

in case that interfacial diffusion prevails. In this equa-

tion, r0 is the initial radius of the filament, m the tangent
slope of the interface at the groove root which can be

approximated by cb/2cs where cb and cs are the grain
boundary and surface energies, respectively, and B as

defined in Eq. (3) [39].

A modification of this thermal groove model was sug-

gested by Courtney and Malzahn-Kampe [29]. By using

appropriate geometrical boundary conditions on vol-

ume transport, diffusion area and length, and curvature
enabled them to describe the temporal evolution of the

thickness fluctuations according to

st
sbd

¼ cosð/Þ
ð1� sinð/ÞÞ2

" #
1� 1

2
sinð/Þ

	(

� p
2
� /

� � 1

2 cosð/Þ

�)
p
2
� /

� � 1

64 sinð/Þ2
ð7Þ

where t is the interface thickness over which interfacial

diffusion occurs, d the plate thickness, /=cos�1(cb/
2cs), and sb a reference time, which can be approximated
by
sb ¼
ðd3kBT Þ
Dc0csX

2
ð8Þ

where c0 is the equilibrium matrix concentration of fila-

ment material for a flat matrix/matrix interface.
For comparing the observed experimental data of

break-up of the Cr filaments in the Cu–3 wt.% Ag ma-

trix with these thermal groove models we used the fol-

lowing physical constants: For the diffusion of Cr in

the Cu–3 wt.%Ag/Cr interface the surface diffusion

coefficient was assumed as Ds=1.1·exp(�52000/
1.987T) cm2/s [41], the interface energy for the hetero-

phase Cr/CuAg boundary as cs=2.3·10�4 Jcm�2 [3],
the grain boundary energy for the Cr homophase

boundaries as cb=0.98·10�4 Jcm�2 [3], the tangent

slope of the interface at the groove root m=0.213, the

atomic volume X=0.8158·10�23 cm3, and an initial sin-
usoidal perturbation of d0=0.001· r0 [42].
It must be underlined in this context that we use for

the comparison with analytical theory only average val-

ues of the break-up diameters. Such procedure naturally
includes two basic simplifications. First, the filament

diameters and, therefore, also the break-up diameters

are size distributions, but they are not sharp values. This

means that the smallest diameter filaments will undergo

capillary driven break-up along large energy grain

boundaries long before those which have a large initial

diameter and low energy internal grain boundaries. Sec-

ond, it may be assumed that the kinetics observed is
altered by the overlap of neighboring diffusion areas,

i.e. the assumption of an infinite matrix surrounding

the break-up zone is usually not justified.

Fig. 3 shows the predictions of the three models

(assuming interfacial diffusion) together with the exper-

imental data for the break-up diameters at 1029 and

1108 K as a function of time. All three models reveal

the same slopes as a function of the annealing time,
but they show different absolute values for the break-

up diameters. The slope confirms that interfacial diffu-

sion can be regarded as the controlling mechanism of

break-up kinetics of the Cr filaments. The discrepancy

in absolute numbers between the experimentally ob-

served break-up diameters and those predicted by the

models may be attributed to an incorrect value of the

interface diffusion coefficient and to the influence of
microstructure variation as mentioned above.

Another point often neglected in this context is the

possibility of a considerable deviation of the mutual

bulk solubilities of two sorts of atoms (such as Cu–Nb

or Cu–Cr) from their respective equilibrium values in

heavily in situ drawn specimens. For instance, Sauvage

et al. [43] have documented large deviations from the

mutual (negligible) equilibrium solubility of Cu and
Nb within each other in the vicinity of Cu–Nb interfaces

by using the 3D atom probe technique. Similar observa-

tions were made by Ohsaki et al. [44] for the Cu–Ag sys-



Fig. 3. Comparison of the predicted and experimental data of the

break-up diameters as a function of time for 1029 and 1108 K.
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tem. Hono [45] has recently observed similar effects at

the Cu–Nb interfaces in heavily in situ drawn ternary

Cu–8.2 wt.% Ag–4 wt.% Nb composite wires in a series
of 3D atom probe measurements.

These various high-resolution observations show that

a considerable percentage of excess atoms (probably up

to 15 at.%) must be taken into account at the incoherent

interfaces in heavily deformed Cu–Nb in situ compos-

ites.

We assume that similar non-equilibrium solubility ef-

fects such as those reported for the Cu–Nb system must
be also considered in the Cu–Cr system which is of inter-

est in this study. In thermal equilibrium these two sorts

of atoms have only small mutual solubility which drops

to near zero at room temperature. Maximum solubility

of Cr in Cu amounts 0.89 at.% (0.71 wt.%) at 1350 K.

Such chemical deviations from the equilibrium data

(which are assumed in the model calculations) might ex-

plain that also non-equilibrium bulk diffusion of atoms
which were brought into solution during the heavy

straining in addition to interface diffusion might play a

significant role for the break-up kinetics explaining the

observed deviations between the models and our exper-

imental data. This would also favor the assumption that

an increase in the total wire strain would systematically

accelerate the thermally induced break-up kinetics due

to bulk over-saturation and a corresponding enhanced
diffusion flux. We can, however, not confirm this ten-

dency from our data since the experiments reported here

were essentially conducted on wires drawn to a strain of

g=3.95. Break-up kinetics of samples deformed to smal-
ler strains were not systematically investigated in this

study.
One important question in this context is the actual

mechanism which leads to the increase in the observed

mutual solubility. One effect might be the plastic co-

deformation of the originally separated phases which,

most likely, involves the transition of lattice dislocations

from one phase into the other. This mechanisms has

long been discussed as an important contribution to ex-

plain the plastic compatibility of the strained phases and
the observed ductility of heavily wire drawn Cu-bcc or

Cu-fcc alloys. Such penetration of lattice dislocations

from one phase to another has two important conse-

quences in the context of the current discussion. First,

each transition of a dislocation across an incoherent

heterophase interface requires the generation of second-

ary interface dislocations with a very small misfit vector.

It is still unclear though whether these secondary dislo-
cations alter/relax the interface structure and/or lead to

secondary dislocation networks in front of those inter-

faces. Second, each transition of a lattice burgers vector

through a heterophase interface transports material

from one phase into the other by ordinary lattice trans-

lation (neglecting the secondary interface dislocations

for a moment) promoting mechanically driven enhanced

mutual solubility. Thermodynamic stabilization of such
a non-equilibrium content of solved atoms might be due

to the large capillary pressure inherent in such micro-

structures owing to the huge interface curvature of the

coexisting phases.
5. Conclusions

We studied the break-up of Cr filaments in heavily

drawn Cu–10 wt.% Cr–3 wt.% Ag in situ composite

wires as a function of temperature and annealing time.

The filaments revealed a curvature-driven shape change

which was characterized by the gradual formation of a

bamboo-type morphology where neighboring portions

of the same filament became increasingly separated by

growing thermal grooves. The kinetics of the process
were compared to analytical models. The results sug-

gested that the observed break-up kinetics can be inter-

preted in terms of a capillary driven process which is

dominantly controlled by interface diffusion.
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