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Abstract:

This paper presents the production of sintered materials from nano-composite
powders obtained by a novel synthesis method, which represents a combination of thermo-
chemical synthesis and mechanical alloying. Produced powders were characterized by an
average individual particle size of 30nm, with the presence of a small number of aggregates
with a size of 150nm. The positive effect on dispersion strengthening of the copper matrix
occurred up to 1 wt.% Al,O; whereas a further increase of the Al,O; content showed a
negative effect on hardness. The new synthesis method is more suiTab. for composite
materials containing maximum Iwt.% Al,Os. By this novel method it is possible to produce
composites possessing a good combination of hardness and electrical conductivity.
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Introduction

Research on nanostructural materials in recent years has been intensified due to their
attractive potential, primarily their mechanical and physical properties, which are significantly
improved compared to the conventional grain materials. Nanostructural materials can be
synthesized in controlled processes by the following methods: highly energetic reactive
milling [1], precipitation from solution (sol-gel [2], hydrothermal synthesis [3],
electrochemical synthesis [4]), internal oxidation [5] etc.

Introduction of fine dispersed particles into the metal matix has significant
reinforcing effects, which can be kept even at elevated temperatures. For such reinforcement
nano-particles of oxides are suiTab.. Due to their hardness, stability and insolubility in the
base-metal they represent obstacles to dislocation and grain boundaries motion at elevated
temperatures without a significant effect on thermal and electrical conductivity [6-8]. Results
of research on dispersion reinforced materials point out the significance of properties of the
starting powders and of the starting structure, which even though suffers certain changes in
further processing, basically remain preserved in the structure of the final product [9]. A very
important aspect of dispersion strengthening is introduction of low volume fraction of
dispersed oxide particles into the volume of the base-metal, a uniform distribution of oxide
particles and their fine dispersion especially in nanometer scale [10].

Copper is very often chosen as a base-metal due to its high electrical and thermal
conductivity and relatively low mechanical properties. Copper-based composite materials are
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widely applied in the field of electronics and electrical engineering as highly conductive
materials for operation at elevated temperatures, as electrodes for resistance spot and seam
welding, different contact materials, various switches, thermal and electric conductors,
microwave tubes, etc [11].

Alumina is known for its exceptional properties such as high melting point, high
hardness, excellent thermal stability and chemical inertness. Also, addition of alumina
particles can increase the temperature of recrystallization by pinning grain and sub-grain
boundaries of the copper matrix and blocking the movement of dislocations and thus highly
improving strength at elevated temperatures [12,13]. The usual amount of alumina used for
dispersion strengthening is from 0.5-5.0 wt.% [14], but significant results regarding particle
size could be achieved with even higher amounts ranging up to 50 wt.% alumina [15].

The objective of this research was to investigate strengthening of the copper matrix
by a fine dispersion of alumina particles applying a new synthesis route representing a
combination of two processes: thermo-chemical route and mechanical alloying. A series of
experiments which were previously performed on mechanically alloyed commercial copper
powder with alumina synthesized from a solution by the sol-gel method [16] did not give
satisfactory results due to the high degree of agglomeration of alumina. On the other hand, the
possibility of production of Cu-Al,O; nano-powders with 3 and 5 wt.% Al,O; by thermo-
chemical method was investigated [17,18] and the results obtained were promising.

Experimental
The route used for synthesis of composite powders may be regarded as new,

irrespective it has arisen from previous research on different synthesis methods of composite
materials.

]

Fig. 1 Schematic preview of novel method for synthesis of copper-based composite materials

Starting raw materials for powder synthesis by the thermo-chemical route were as
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follows: soluble salts, nitrates of copper and aluminum of p.a. quality, dissolved in distilled
water (50wt.% solution) in a suiTab. ratio for the final powder to contain 50wt.% of ALLOs in
its structure. The synthesis of powders underwent several stages as schematically presented in
Fig. 1.

Stages of the synthesis process included the following processes:

1. Spray drying of the nitrate solution using a Spray Dryer Biichi B-290 Advanced [19]
with the inlet/outlet temperature 190/143°C and the solution flow rate was 10% of
pump power,

2. Dried nitrates were subjected to heat treatment in a laboratory electroresistant tube
furnace [20] in air at 900°C for 1h in order to form oxides of copper and aluminium,

3. Oxides were then reduced in the same furnace in hydrogen atmosphere (flow rate
20L/h at 350°C for 1h) in order to obtain metallic copper. Previously formed sTab.
AlLO; remained unchanged during reduction [20],

4. Mechanical alloying was the next step in the synthesis process. Atomized copper
powder (size approximately 45um) was mechanically alloyed with the produced
composite powder with 50wt.% AL,O; in a ceramic ball mill, with dimensions
2180x160mm. Milling media were corundum balls (>99% Al,O; with 30mm in
diameter) in order to prevent contamination of the material; the ball to powder ratio
was 1:30. The optimal milling time was fixed at Sh for a mill rotation speed of
300min”'. Quantities of added copper powder were adjusted so that the final amount
of alumina Al,O; in the composite powder would contain 1, 1.5 and 2 wt.%.

After mechanical alloying the obtained powders were compacted by a uniaxial
pressing force in tooling with the basal dimensions 8x32mm and height 3mm, applying a
compacting pressure of 500 kN. Sintering of samples was performed in hydrogen atmosphere
in isothermal conditions at five different temperatures in the range from 725-925°C for 15 to
120 min.

Produced powders were characterized by X-ray diffraction analysis (XRD) and
analytical Electron Microscopy (AEM). XRD was performed using APD 2000-Ital structures
with CuKa radiation, 26=0-100°. AEM was carried out on a JEOL 200CX microscope on
powders spread on conductive carbon tape.

Characterization of sintered samples (referred as composite in the following text)
included Scanning Electron Microscopy (SEM), Energy Dispersive Spectrometry (EDS),
HRF hardness measurements and electrical conductivity.

SEM analysis was performed on a JEOL JSM-T20 on polished samples subsequently
etched with 40 vol.% HNO; solution. EDS analysis was conducted on unpolished composites
using an Oxford system attached to a JEOL SEM JSM-5800.

An Ames PorTab. Hardness Tester was employed for hardness measurements using a
1/16" ball with an applied load of 60kg. For electrical conductivity measurements a Foerster
Sigma Test 2.069 operating at 120 kHz and with 8mm electrode diameter, was used. The
values of hardness and electrical conductivity represent the mean value of at least six
measurements conducted on the same composite.

Results and discussion

Using the proposed synthesis method it was expected that atomized copper powder
particles would be compactly surrounded by nano-composite Cu-Al,O; produced by the
thermo-chemical route. In this way a ductile, highly conductive core with a high strength shell
layer of composite, will be achieved. In later stages this microstructure would provide
dislocation blocking and prevent grain boundary motion as well as an increase of the
recrystallization temperature.
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An X-ray diffraction pattern of powder containing 50 wt.% Al,O; is presented in
Fig. 2. Identified peaks correspond to Cu and CuAl,O4. The CuAl,O4 phase represents the
metasTab. equilibria, developed in the microstructure during powder synthesis process, heat
treatment and reduction.
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Fig. 2 X-ray diffraction of Cu-Al,O3 powder with 50 wt.% of Al,O3

X-ray diffraction patterns of powders containing 1, 1.5 and 2 wt.% AL Oz show only
peaks corresponding to copper.

Produced powders were characterized by AEM as presented in Fig. 3. It could be
noticed that average individual particle size is around 30nm. The particle shape is irregular
with a rough surface morphology. Sponge-shaped agglomerates are also registered, with the
mean size around 150nm. Large black spots originate from conductive carbon tape.

Fig. 3 AEM of Cu-Al,O; powder with 1 wt.% of Al,O3

During further processing of powders, such as cold pressing and sintering, the shell
layer of the composite diffuses into the copper core producing an Al,Os; concentration
gradient, additionally contributing to improvement of properties. Also, during the period of
sintering, formation of a third phase is expected [13], due to the thermodynamically possible
eutectic reaction of (Cu+Cu,0) with Al,O; at the contact surface. Through this reaction the
eutectic tends to expand and reacts with Al,O; forming the Cu,Al,O, phase, compatible with
both phases at the interface [21,22]. The formed third phase influences the dislocation
structure resulting in improvement of mechanical properties, whereas good electrical
conductivity is retained. According to literature [23] the chemical formula of this compound
might be derived as CuAlO, or CuAlO..
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The presence of this phase in the structure and especially at the interface could
impede crack propagation and result in higher interface fracture energy [24].

The sintered composite with 1wt.% Al,O;5 (Fig. 4) produced by powders synthesized
by novel route exhibits annealing twins and sub-grain boundaries. Twinning might have
occurred during the high temperature sintering stage.

Fig. 4 SEM micrograph of composite Cu-AL,O; 1wt.%

Conditions for twin formation are achieved when a large number of obstacles is
formed in the crystal, blocking dislocation movement. Dislocations are accumulated on
obstacles causing increase of internal strain in local areas, which together with external strain
induce twin formation. The presence of twins indicated a lower mobility of dislocations, in
other words stabilization of the dislocation structure, which is the primary condition for
improvement of mechanical properties of dispersion strengthened materials.

The size of sub-grains similar to that in Fig. 4 is expected to be preserved under the
influence of temperature as a result of dispersed Al,O; particles blocking sub-grain
boundaries and increasing the recrystallization temperature, rendering these materials suiTab.
for exploitation at elevated temperatures.

Fig. 5 presents EDS analysis of produced composites with 1, 1.5 and 2 wt.% ALO:s.
The presented EDS results in Fig. 5 show that in the composites with 1wt.% Al,O; aluminum
was not detected in the structure, indicating that the whole amount of Al,O; is incorporated in
the copper matrix. With increase of Al,O3 content, aluminum is detected which suggests the
occurrence of segregations in the structure and formation of aluminum-rich regions. These
results suggest that the new synthesis method is more suiTab. for composite materials
containing maximum 1wt.% Al,O3. This amount could be fully incorporated in the base-metal
matrix playing a role as an obstacle to dislocations, grain and sub-grain boundaries
movement. However, this role is diminished with increase of Al,O; content by formation of
aluminum-rich regions. Furthermore, Fig. 5 shows better compaction for sintered compacts
with lower Al,Os content.
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Fig. 5 EDS analysis of marked spots in SEM micrographs of Cu-Al,0; composite with
a) 1;b) 1.5 and c) 2wt.% AL,O4

These results are also confirmed by measurements of hardness and electrical
conductivity as presented in the following Tabs and Figs.
Results of HRF hardness measurements are presented in Tab. I.
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Tab. I HRF hardness of sintered Cu-Al,O; composites

‘I’min < 725 775 825 875 925
1 wt.% ALO;
15 52 49 50 52 42
30 52 54 50 50 52
60 53 46 48 50 46
90 48 52 44 45 40
120 47 46 46 52 44
1.5 wt.% AlL,O;
15 42 42 40 42 40
30 48 44 40 46 38
60 44 44 42 40 42
90 42 43 39 42 38
120 44 39 40 39 43
2 wt.% AlLOs;
15 42 29 22 26 19
30 26 27 12 20 19
60 30 24 22 26 20
90 24 26 15 20 16
120 30 26 13 23 22

Results show that with increase of temperature and time of sintering HRF values
slightly and unevenly decrease. Increase of Al,O; content has a significant effect on hardness.
It was expected that the increase of Al,O; content in the structure would result in an increase
of hardness, but the results show an opposite trend. With increase of Al,O5 from 1 to 1.5 wt.%
there is a slight decrease in HRF values, while an increase up to 2 wt.% Al,O; provokes a
rather significant decrease in HRF.

Possible reasons for this behavior is ascribed to a positive effect on dispersion
strengthening of the copper matrix which occurred when the amount of Al,O; dispersoids is
up to 1 wt.%, whereas further increase of Al,O; content has a negative effect on hardness as
previously postulated by EDS analysis (Fig. 4). This problem supposedly may be solved using
the hot extrusion process.

Fig. 6 illustrates the influence of composition and duration of sintering on hardness
values of composite materials for a selected temperature of 875°C.
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Fig. 6. HRF hardness of sintered Cu-Al,O; composites with different Al,O5 content at 875°C

Electrical conductivity measurements of composites with different Al,O; content at
various sintering conditions are presented in Tab. II.

Tab. II Electrical conductivity of sintered Cu-Al,0; composites, %IACS

Z’r:ﬂn 725 775 825 875 925

1 wt.% Al,O;

15 54.88 59.90 56.83 55.05 55.19
30 53.94 55.39 56.48 57.16 56.06
60 55.44 54.61 56.28 56.69 55.51
90 58.00 55.13 54.54 55.25 54.81
120 56.37 54.24 55.15 56.43 55.87
1.5 wt.% AL O;

15 42.76 42.49 43.51 43.86 43.81
30 45.07 42.52 42 .51 44.02 47.81
60 40.94 43.27 45.48 49.59 49 .88
90 39.86 41.87 42.63 46.72 48.08
120 43.19 39.11 42.76 45.80 48.80
2 wt.% Al,O3

15 32.66 32.54 30.71 30.35 31.25
30 29.25 31.27 29.92 31.13 40.70
60 31.93 30.89 31.72 36.94 39.99
90 31.35 31.72 31.76 37.61 39.35
120 30.53 31.66 31.66 33.43 41.21

Influence of the Al,O; content on electrical conductivity for sintering temperature of
875°C is illustrated in Fig. 7. With increase of Al,O3 content in composite materials the
values of electrical conductivity decrease.
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Fig. 7. Electrical conductivity of sintered Cu-Al,0O; composites

Values of electrical conductivity are over 55% IACS for compacts with 1wt% Al,Os,
which corresponds to dispersion strengthened copper alloys intended for application at
elevated temperatures. The limitation value for application is 50% IACS [25].

Conclusion

From the presented results it can be concluded that nano-composite powders based on
copper with different Al,O; content could be successfully produced by the novel method of
synthesis, i.e. by a combination of a thermo-chemical route and mechanical alloying. The
produced powders were characterized by an average individual particle size of 30nm, with the
presence of a small number of aggregates with a size of 150nm.

After compaction and sintering compacts with 1wt% Al,O; show the best results
corresponding to oxide dispersion strengthened copper, i.e. hardness combined with electrical
conductivity suiTab. for exploitation at elevated temperatures. With increase of Al,O3 content
the properties of composites decreased and this problem could be solved using the hot
extrusion process. Also, with increase of Al,O; content aluminum-rich regions are formed,
contributing to decrease of mechanical and electrical properties.

Further treatment of compacts, mechanical processing and heat treatment is expected
to additionally increase properties of compacts from composite powders synthesized by the
novel method with 1wt.% of Al,Os.
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Nk wWw

Cadporcaj: YV o6om pady je npedcmasbena npou3eo0ra CUHMEPOSAHUX Mamepujaia U3 Hamo
KOMNO3UmMa 00OUjeHux HOBOM MemoOOM CuHmese, Koja npeocmasnsa KOMOuUHayujy mepmo-
Xemujcke cummese U MexaHuykoz Jezupared. Ilpouzsedenu npaxosu ce Kapaxmepuuy
CpeorboM BeUUUHOM NojeouHadnux vecmuya 00 30nm, ca Mamum npucycmeom aziomepama
cpeomwe geauyure 00 150nm. [lozumusnu eghexmu Oucnepsnoz ojauasarba ce HOCMUIICY
oooamxom 0o 1 meoc.% Al,O; ede ce ca damum nopacmom caopxcaja Al,O; youasajy
Hecamuenu egexmu na mepoohy mamepujara. Hosa memooa cummese je nocoona 3a
npou3so0wy mamepujanra Koju makcumanno caopxce 1 meoxc.% Al,O; Osom memooom
cunmese je moeyhe npouzgecmu Komnosume ca 000pom KomOunayujom mepookie u
eleKmpuyHe npo8oo/bUBOCHIU.

Kuwyune peuu: Bakap, enunuya, HAHO-KOMRO3UMHU NPAXOBU, CUHMEPOBARbE, OUCHEPIHO
ojauasarse




