Kovove Mater. 53 2015 409-414 409
DOI: 10.4149/km_2015_6_409

The electrical properties of nanocrystalline Cu-Al,O,
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Abstract

Nanocrystalline (nc) Cu powders with Al,O3 dispersoid (1-5 vol.% Al,Os) were prepared
by combination of phase transformations with intensive milling and the following consolid-
ation by pressing, sintering and hot extrusion. The electrical properties of the composites
were analysed in relation to their microstructure and strength. The main contribution to the
electrical resistivity was attributed to the grain/crystallite size of Cu matrix. The fraction
of Fe impurities dissolved within the Cu matrix and the amount of Al,Os particles in the
Cu matrix affected the electrical resistivity remarkably. The optimal combination of electrical
and strength properties can be achieved by cut-down of AloOs content and by optimization

of dispersoid distribution in the matrix.
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1. Introduction

The potential of nano-materials to exhibit an un-
usual combination of properties has led to extensive
research activities since last two decades. Recently, al-
loys exhibiting high mechanical strength together with
high electrical conductivity at elevated temperatures
are in increasing demand [1]. A significant amount of
research effort has been expanded by studying and
understanding the intrinsic fabrication characteristics,
mechanical and electrical properties characterization
of nanostructured copper [2]. The cold deformation
hardened pure copper or precipitates hardened copper
alloys such as Cu-Cr and Cu-Cr-Zr alloys are softened
easily [3]. It is necessary to develop a novel mater-
ial with a high softening temperature, high electrical
conductivity, and high strength at elevated temperat-
ures. Oxide dispersion strengthened (DS) composites
on copper base are the most promising systems for
such an application [4]. In recent years studies on the
synthesis and characterization of alumina DS copper
have attracted the interest of scientists [5]. The pres-
ence of a fine dispersion of Al;Og3 particles in Cu mat-
rix improves the hardness and strength of this mater-
ial at room and higher temperatures. The nc alumina

DS Cu possesses the beneficial properties, exploit-
ing both grain boundary strengthening and dispersion
strengthening [6]. In addition, high thermal stability
of Al;Og3 particles against the dissolving, which thus
retain their ability to obstruct dislocation motion and
inhibit the grain growth at temperature even close to
the melting point of the Cu matrix, also contributes
to high strength of composites [7, 8].

Many manufacturing processes have been utilized
to produce the Cu-Al;O3 composites, like mechanical
alloying, internal oxidation, spray forming, etc. [9, 10].
However, these processes have their limitation and of-
ten suffer from non-uniform distribution of dispersoid
particles, which negatively influences the mechanical
and electrical properties. The mechanochemical routes
have recently emerged as a potential technique for the
synthesis of DS metal matrix composites [1].

In the present study, the electrical properties of nc
Cu-Al;03 alloys with 1-5 vol.% of secondary phase
are discussed in relation to the microstructure and
strength. These alloys were developed primarily for
spot welding electrode material application. The high
strength, desirable electrical conductivity and good
thermal stability of the electrode material make it pos-
sible for increasing the electrode durability.
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Table 1. The mean grain/crystallite size (d) of the Cu-Al;O3 nanocomposites

d grain/crystallite (nm)

AlO3 (vol.%) Compact
Powder
starting state after annealing at 800°C/1 h
1 36 95 99
3 33 80 84
5 29 73 76
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Fig. 1. Scheme of the Cu-Al;O3 nanocomposites prepara-
tion.

2. Experimental material and methods

The experimental material was nc Cu reinforced
with 1, 3 and 5 vol.% Al;O3. The composite powders
were prepared by the mechanochemical method based
on the high energy ball milling in an attritor and
chemical reduction by hydrogen [11], Fig. 1. The
particles of yAl;O3 secondary phase were formed in
the Cu matrix precursor — CuO powder. The CuO
powder was prepared by annealing of electrolytic Cu
powder (size range < 40 pm, 0.0002 wt.% of Fe). The
CuO-Al;03 powder mixtures were dry ball-milled for
3 h at 1000 rev min~!, using the steel water cooled
container and steel balls. The volume ratio of balls
to powder was 5:1. The Cu-Al;O3 powder mixtures
arisen by the following reduction annealing were wet
milled in ethanol for 2 h at 800 rev min~!. The
volume ratio of balls to powder was 5:1, too. The

Table 2. The amount of Fe in the examined powders

Fe (wt.%)

Cll CuO—A1203
delivered state  after dry milling

Cu—Alz 03
after wet milling

0.0002 0.041 £ 0.006 0.065 £+ 0.008

final Cu powder matrix was characterized by average
grain/crystallite size ranged in the interval from 36 to
29 nm for the 1 vol.% Aly0O3 and 5 vol.% Al>Os3, re-
spectively, Table 1. During the milling, the powder was
contaminated with Fe impurities from the abrasion
of milling balls and body of attritor. The amount of
Fe was approximately equal in all examined powders
(before compaction) and was determined by chemical
analysis, Table 2. The following compaction process
consisted of powder pressing, sintering and hot extru-
sion, Fig. 1.

The size and morphology of the secondary phase
in the experimental compacts were observed by a
transmission electron microscopy (TEM) TESLA BS
500 by the method of two-stage carbon replicas.
The X-ray diffraction patterns (XRD) of the ex-
perimental samples were measured by diffractometer
Philips X’Pert Pro equipped with the Ni-filtered
CuKa radiation using the positional sensitive detector
X’Celerator (40 kV and 40 mA). The XRD spectra
were measured in the position range from 40° to 100°
(20) with a step size 0.03° and step time 8 s. The av-
erage grain/crystallite size was determined using the
Williamson-Hall equation. The Williamson—Hall equa-
tion separates the effects of size and strain in the crys-
tals and is convenient for the estimation of crystal size
of deformed materials [7].

The electrical resistivity was measured by a four-
probe technique using the HP 6612C digital multi-
meter. The total porosity was calculated from the
density measurements. The density of compacts was
determined by the Archimedes method. The theoret-
ical value of density was calculated by the rule of mix-
tures, with density values for copper (8.96 g cm~2) and
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Fig. 2. The electrical resistivity of the Cu-AloO3 nanocom-
posites with a different amount of dispersoid.

alumina (3.42 g cm~2). The values of yield strength
at room temperature were evaluated by the static
tensile test STN EN ISO 6892-1 performed by the
TIRATEST 2300 test machine. The thermal stabil-
ity of the composites was studied after the isothermal
annealing at 800°C for 1 h in the air.

3. Results and discussion
3.1. Electrical properties

3.1.1. Contribution of various factors to
electrical resistivity

In this section, the contribution of various factors
to the electrical resistivity of nc Cu composites is for-
mulated quantitatively. The measured value of res-
istivity is dependent on the amount of dispersoid and
ranged from 27.8 to 30.9 nQ2m, Fig. 2. As the higher
content of secondary phase was present in the com-
posite, a higher value of resistivity was measured. The
electrical resistivity p of metals is generally described
by Matthiessen’s rule:

p = ps+ pp, (1)

where p; is a temperature-dependent contribution
from the thermal vibration and pp is a contribution
from the lattice defects and impurities, which is inde-
pendent of the temperature. The electrical resistivity
of pure Cu, pycy 18 16.7 nQm [12, 13]. In the composite
material the part pp can be described as an addition
to several contributions:

pp = Apas + Appa + App + App1 + Aps,  (2)

where Apgp means a contribution of grain boundar-
ies, Appc of particles of the secondary phase, App of

porosity, App, of dislocations, and Apg of impurity
atoms in solid solution [14].

(a) By increasing of the secondary phase content,
the value of mean grain/crystallite size of Cu matrix
decreased. It changed from 95 nm for 1 vol.% Al,O3
to 73 nm for material with 5 vol.% AlyO3, Table 1.
Consequently, a high contribution to the electrical res-
istivity from the grain/crystallite boundaries can be
assumed [15]. The presence of the Cu grain/crystallite
boundaries increases the electrical resistivity accord-
ing to the following relation [16]:

Apgp = gPCu—GB (%) ; (3)
where pcy_gB is the specific grain boundary resistiv-
ity and the value of pcy_gp = 3.12 x 10716 [14]. The
ratio of S/ Vis the grain boundary surface area S per
unit volume V, and this ratio can be approximated to
be 2.37/dg [14], where dg is the Cu grain/crystallite
size. The contribution to the electrical resistivity ori-
ginated from the matrix grain/crystallite boundaries
was relatively high in accordance with the assumption
and ranged from 5.2 to 7.1 nQm, Fig. 2.

(b) The contribution of volume fraction f of alu-
mina particles to resistivity can be estimated accord-
ing to the equation [16]:

3f
A cl = Pms77 4
PPcl = P 2(1—f) (4)
where
pm = pt + Apce + Appr. (5)

The contribution of dislocation density (N) to the
resistivity (App)) is given by:

App1 = Nrpi, (6)

where pp is the specific dislocation resistivity and has
a value of 0.8 x 10725 Q m? for copper [17]. The value
of dislocation density was equivalent for all examined
composites. The change of the dislocation density in
dependence on the Al;O3 amount was relatively small.
It increased from 1.9 x 10'* m~2 for composite with
1 vol.% AlyO3 to 4.4 x 10'* m~2 for composite with 5
vol.% Al;Os3. In accordance with formula (6) the dis-
location density N that has contributed significantly
to the resistivity (say more than 2 %) needs to be
greater than 10'® m~2 [16]. Also, the contribution of
dislocation to the overall resistivity may be in exper-
imental composites neglected. Then the contribution
of the alumina particles to the resistivity in the ex-
perimental material ranged from 0.3 to 1.9 nQm using
Egs. (4) and (5), Fig. 2.
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Table 3. The electrical conductivity (A) and yield strength of the Cu-Al,O3 nanocomposites

Starting state

After annealing at 800°C/1 h

Al O3 A Rp0.2 A R,0.2

(vol.%) (%IACS) (MPa) (%IACS) (MPa)
1 62 394 63 386
3 59 501 59 490
5 56 580 58 578

(¢) The density measurements confirmed that
the porosity was not negligible of the experimental
composites. The porosity increased with the higher
amount of the secondary phase and ranged in the in-
terval from 1.4 to 1.8 %. The contribution of porosity
to the electrical resistivity can be estimated by the
same manner as was done for the alumina particles
[16]. The contribution of porosity to the electrical res-
istivity was not marked and ranged in the interval
from 0.5 to 0.65 nQm, Fig. 2.

(d) It is well known that a small volume fraction of
dissolved species can lead to a major increase in the
electrical resistivity. For the composites, there was a
small but unknown volume fraction of dissolved Fe
within the Cu. This content was tried to deduce. The
Fe amounts determined from the chemical analysis
after the individual milling steps during the powder
preparation are listed in Table 2. For all examined
powders, the amount of Fe was approximately equal,
and it increased with the increasing milling time. The
room temperature solubility of iron in copper was de-
termined some years ago by Hanson and Ford and
stated to be about 0.2 wt.% [16, 18]. The electrical
resistivity increases linearly with the increasing atomic
concentration of the solid solution according to [19]:

APS = /607 (7)

where ¢ is the weight percentage of solid solution and
the coeflicient ( is the change in the electrical resistiv-
ity for 1 wt.% of solid solution. In the case of solid solu-
tion of Fe in Cu is 8 = 115 nQm (wt.% 1) [20], and so
a solid solution of 0.065 wt.% Fe (analysed in the final
powders) gave the required increase in the resistiv-
ity by 11 nQ2m. This concentration of solid solution of
Fe in Cu is acceptable: the Cu-Fe phase diagram [18]
shows that up to 1.5 wt.% Fe is soluble in Cu at 800°C
(the hot extrusion temperature).

The comparison of measured and calculated elec-
trical resistivity suggested, however, that approxim-
ately 0.04 wt.% of Fe was probably dissolved within
the Cu matrix during the consolidation process. It can
be concluded that the contribution of solid solution to
the electrical resistivity was in this case in all exper-
imental composites equal to 4.6 nQdm. The remaining
part of the mass fraction of chemically analysed Fe

can occur in the form of oxides and therefore, its con-
tribution to the electrical resistivity is negligible.

The final form of the pp part for the equation for
the electrical resistivity calculation (p) of nc Cu-Aly O3
composites can be also expressed by the following su-
perposition:

pp = pcB + Aps + Appa + App. (8)

According to the Egs. (1) and (8), the electrical
resistivity of experimental composites was calculated,
Fig. 2.

3.1.2. Possibilities of increasing the electrical
conductivity

The values of resistivity obtained in the pQ2cm
units were converted to % IACS conductivity values
by the following formula [21]:

172.41 /resistivity = % IACS. ©))

The values of the electrical conductivity of nc
Cu-Al;,O3 materials, Table 3, were lower as those of
conventional CuCr and CuCrZr electrode alloys (70—
80 %) [3]. Minimum value of the electrical conduct-
ivity required for the copper-based alloys for high-
temperature applications is 50 % IACS [8]. Hence,
the values of the electrical conductivity of Cu-AlyO3
composites reinforced with 1, 3 and 5 vol.% of the
secondary phase were sufficient for the target applic-
ations. The higher electrical conductivity entails the
smaller deterioration of electrodes and thereby the
higher durability. According to the previous calcula-
tions, three relevant effects influenced the electrical
conductivity of nc Cu-Al;O3 composites. First, the
grain boundaries size of Cu matrix was the domin-
ant one, Fig. 2. The conductivity decreased with the
decreasing grain/crystallite size, Tables 1, 3. By con-
trast, the size of small — nano grain/crystallites was
very important in term of the strength of materi-
als [7]. The strength increased with the decreasing
grain/crystallite size, Tables 1, 3. Second, the frac-
tion of Fe impurities dissolved within the Cu matrix
affected the electrical conductivity remarkably. The
Fe amount in the Cu powder mainly depended on the
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milling time, milling ambient and the material com-
position of the milling balls. The enhance of the elec-
trical conductivity of milled nc Cu composites could
be achieved by reducing of the Fe abrasion by optim-
ization of the milling process (for example by short-
ening the milling time, if an appropriate change of Fe
milling balls for e.g. ceramics takes place). Third, an
increasing amount of Al;O3 particles in the Cu matrix
cuts the conductivity. In all examined composites the
average size of the Al;O3 particles was approximately
5 nm in radius and they were distributed relatively
homogeneously within the grains as well as on the
matrix grain boundaries [7, 22]. However, they showed
the tendency to cluster formation [23]. This fact is il-
lustrated in Figs. 3a—c. The volume of dispersoid (to
1 vol.%) would be decreased if the conditions during
the ball milling were regulated to ensure the superior
homogeneous distribution of very fine AloO3 particles
and elimination of particles aggregates formation. The
lower content of AloOjz particles, effective from the
strengthening point of view, would allow to achieve the
optimal combination of strength and electrical prop-
erties. In the examined composites, the porosity did
not influence the conductivity significantly.

3.2. Thermal stability

The thermal stability of electrical and strength
properties was studied by the measurements after the
annealing of material at 800°C for 1 h in the air. The
wee improvement of the electrical conductivity was ob-
served after this annealing, Table 3. The yield strength
remained practically unchanged after the annealing at
800°C for 1 h in comparison with the strength meas-
ured prior to the annealing in all composites, Table 3.
This excellent thermal stability of material properties
is dependent on the high thermal stability of the mi-
crostructure. This confirms the grain/crystallite size
of Cu matrix that increased after the annealing only
negligibly in all analysed materials, Table 1. A small
increase of the value of electrical conductivity was due
to the small increase in grain/crystallite size described
above. It is possible to say that the nc Cu composites
are characterized by an excellent softening resistance
and thermal stability of strength and electrical prop-
erties. Thermal stability of the examined materials up
to 0.74 melting temperature of the matrix (Ty,) is an
additional value in term of improvement of serviceable
life of electrodes.

4. Conclusions

This study examined the electrical properties of
nano Cu-(1-5 vol.% Al,Os3) composites, prepared by
the mechanochemical method, with the aim to en-
hance their electrical conductivity. The following con-

Fig. 3. TEM image of clusters of AloO3 particles in the
Cu-Al20O3 nanocomposites.

clusions can be drawn:

— The electrical conductivity is mainly influenced
by the grain size of the Cu matrix.

— The AlyO3 particles decrease the conductivity as
a function of their volume fraction.

— The comparison of measured and calculated
value of electrical resistivity suggested that in all ex-
amined composites approximately 0.04 wt.% of Fe was
probably dissolved within the Cu matrix during the
powder consolidation process. This amount affected
the electrical conductivity decrease remarkably.
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— The electrical conductivity of Cu-Al;O3 alloys
could be increased by the elimination of Fe impurities
in the powder, as well as by reduction of dispersoid
volume. To maintain the high strength and excellent
thermal stability, however, it is necessary to attain the
most homogeneous distribution of Al;O3 particles in
the Cu matrix. All this is possible by optimization of
powder milling process.
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