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Abstract:

In this paper synthesis of a composite based on Cu-Al,O; by a thermo-chemical
method is shown along with a comparative analysis of the properties of the obtained
nanocomposite sintered samples, which are characterized by a good combination of electric-
mechanical properties, suitable for work at elevated temperatures. Ultra fine and nanocrystal
powder Cu-Al,Os is obtained by a chemical method, starting from water solutions of nitrates
up to achieving the requested composition with 3 and 5% of Al,O;. Synthesis of composite
powders has been developed through several stages: drying by spraying, oxidation of the
obtained powder of precursor and then reduction by hydrogen until the final composition of
nanocomposite powder is achieved. After characterization of the obtained powders, which
comprised examination by the Scanning Electronic Microscopy (SEM) method and X-ray-
structure analysis (RDA), the powders were compacted with compacting pressure of 500
MPa. Sintering of the obtained samples was performed in the hydrogen atmosphere in
isothermal conditions at temperatures of 800 and 900°C for 30, 60, 90 and 120 minutes.
Characterization of the obtained Cu-Al,Oj; of the nanocomposite sintered system comprised
examination of microstructure by the Scanning Electronic Microscopy (SEM), as well as
examining of electric mechanical properties. The obtained results show a homogenous
distribution of dispersoides in the structure, as well as good mechanical and electric
properties.
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Introduction

It is known that by introducing fine dispersed particles into a metal base, significant
reinforcing effects are accomplished, which can be kept in the conditions of elevated
temperatures. For such reinforcing, ultra fine and nano particles of oxides are suitable, which
due to their hardness, stability and insolubility in the metal base also represent obstacles to
dislocation motion at elevated temperatures. Maximum effects of reinforcing are achieved by
even distribution of oxide particles and at short distance, their fine dispersion in the matrix of
the basic metal, respectively [1-3]. Research of materials reinforced by dispersion points to
the significance of properties of the starting powders, importance of the starting structure,
respectively, which, although suffering certain changes in further processing basically
remains in the structure of the final product [4].

" Corresponding author: nicue@verat.net




146 Z.Andjic et al./Science of Sintering, 39 (2007) 145-152

Obtaining of powders by a chemical method where all the materials are in liquid
phase is not a new procedure and lately, due to the development of contemporary materials
with in advance pre-set properties, interest in this method of obtaining first of all ultra fine
and nano powders intensified [1, 2, 4]. According to Jeni and associates [1] synthesis of
nanocomposite powders by a chemical method can be carried out in two ways. The first way
comprises of adding of a certain quantity of CuO into a solution of aluminium nitrate in
distilled water. The obtained gel is annealed at 850°C with the aim of getting a mixture of Cu
and Al oxides. The obtained mixture of the oxides is reduced in hydrogen atmosphere in order
to achieve the final structure. For other synthesis methods aluminium nitrate and CuO are also
mixed in appropriate proportions in distilled water. However, in this case, ammonium
hydroxide is added to this gel for hydrolysis of aluminium nitrate to hydroxide. As in the first
case, the mixture was annealed at 850°C, and then reduced in hydrogen atmosphere until the
final structure was obtained.

Sintering of ultradispersed powders, according to [4-6], happens due to particles
sliding through along their borders, then to a dislocative mechanism that is responsible for
creation of surplus vacancies. Concentrations of surplus vacancies can reach a value, which
corresponds to the concentration of vacancies in the area of temperatures close to the
temperatures of material melting. On the basis of that, it can be concluded that diffusion
activity during sintering of ultradispersed particles in the area of really low temperatures (0.1-
0.3T,) is conditioned by the presence of unbalancing "recrystallization" vacancies. High
recrystallization speeds of ultradispersed particles are a subsequence of the process of
recrystallization selfactivation.

Experimental

For synthesis of nanocomposite Cu-Al,O; powder by a thermochemical method,
nitrates of copper and aluminium were used Cu(NO;),x3H,O and AIl(NO;);x9H,0 as a
transient component. The synthesis process developed in four stages, as follows:

- obtaining 50% of water solution in which Cu(NOs), and AI(NO;);x9H,O are
dissolved up to achieving the requested composition of Cu-Al,O; nanocomposite
system with 3 and 5% of alumina,

- drying by spraying, using a modified house sprayer at a temperature of 180°C with the
aim of obtaining composite particles of nitrate salts,

- annealing of the obtained loose mixture in air atmosphere at the temperature of 900°C
for 1 hour with the aim of forming copper oxide and phase transformation of AL,O; up
to thermodynamically stable a-Al,O; phase,

- reduction of thermally treated powders in hydrogen atmosphere at the temperature of
400°C for one hour, whereas copper oxide is transformed into elementary copper, and
a-Al,O; remains in unchanged form.

Characterizations of the obtained powders comprised examinations by the X-ray-
structural analysis (RDA) and Scanning Electronic Microscopy (SEM) method. After
characterization of the obtained powders, compacting by the action of a pressing force was
performed from both sides in tooling with dimensions 8x32mm at a height h=2mm, with a
compacting pressure of 500 MPa. Sintering of the obtained samples was performed in
hydrogen atmosphere in isothermal conditions at temperatures of 800 and 900°C for 30, 60,
90 and 120 minutes. Characterization of the obtained nanocomposite Cu-Al,O3 sintered
system comprised of microstructure examinations by Scanning Electronic Microscopy,
examination of electric and mechanical properties, as well as examinations of density and
relative volume changes.
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Results and Discussion

Characterization of the obtained Cu-Al,O; nanocomposite powder, obtained by
thermochemical method comprised examinations by RDA and SEM methods.

In Fig. 1 RDA analysis is shown of the powder precursor obtained by drying with
spraying of a water solution of copper and aluminium nitrates. In accordance with the
experimental set-up only the peaks in the structure corresponding to copper and aluminium
nitrates were registered.
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Fig. 1 RDA of Cu+3%Al,0; powder after drying with spraying
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Fig. 2 RDA of the dried Cut+3%Al,0; powder after thermal treatment

The RDA of the dried powder after thermal treatment is shown in Fig. 2. Detected
peaks correspond to CuO and AlLO;. Also, a peak was detected, which most probably, in
accordance with [7-9], corresponds to the third stage, Cu,Al,O, that appears in the structure
because of the eutectic reaction of copper and aluminium, and the forming of which on Cu-Al
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contact surfaces is possible from the thermodynamic aspect. During eutectic joining of copper
and Al,O;, the eutecticum formed by heating up to the eutectic temperature expands and
reacts with AL,Os also creating Cu,AlyO,, which is compatible from both stages on the inter-
surface. The formed third stage has an influence on the nature of the dislocative structure, and
therefore on improvement of mechanical properties.
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Fig. 3 RDA of Cu+3%Al1,0; powder after the reduction process

In Fig. 3 the RDA diagram is shown of Cu+3%Al,0; powder after the reduction
process, whereas the peaks of elementary copper and Al,O; are detected. Apart from that, a
peak is detected which corresponds to CuO. The reason of CuO appearance in the final
structure is an incomplete reduction, i.e. it is necessary to perform a two-degree reduction
with the aim of achieving the desired structure without oxygen surplus.
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Fig. 4 SEM microphotograph of a Cu+3% Fig. S SEM microphotograph of a Cu+5%
Al,O; powder composite, magnification Al,O; powder composite magnification
%20 000 %20 000

The obtained Cu-Al,O; powders were characterized by Scanning Electronic
Microscopy (SEM) at different magnifications (Fig. 4 and 5). The microstructure analysis of
the obtained powder shows that the obtained particles of powders are of <500 nm size, which
points to a possibility of synthesis of a nanocomposite Cu-Al,O; system by a thermochemical
method, starting from water solutions Cu(NOs), and AI(NOs);. In the microphotographies the
presence of agglomerates can be seen. The size of the obtained agglomerates is below 1um.
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As by the previously described procedure the powders with exceptionally fine particles are
obtained, therefore the basic "condition" for the appearance of agglomerates is fulfilled.
Namely, agglomeration of finer particles is a consequence of their large surface, of high
surface energy, respectively and an effect of attracting forces between them. At the contact
surfaces due to atomic connections in attracting strains are active on the interface, whose
magnitude depends directly on the surface energy of particles, which are in contact. Taking
into consideration the appearance of agglomerates, during future research, particular attention
will be paid to obtaining of non-agglomerated powders, whereas active agents will be used for
disagglomeration that cause corresponding rejecting forces between the particles and enable
obtaining of a system with finely dispersed particles or ultrasound.

Such obtained powders were compacted with a compacting pressure of 500 MPa.
Sintering of the compacted samples was performed in hydrogen atmosphere in isothermal
conditions at temperatures of 800 and 900°C for 30, 60, 90 and 120 minutes.

In Tab. I, the results of density examination, relative volume change, specific electric
resistance and hardness are shown.

The results of research show that the density of the sintered samples at certain
temperatures and times decrease with increasing Al,O; content. However, with temperature
increasing, density of the sintered samples increases. In the area of higher temperatures,
when diffusion mobility of atoms is high enough, complex action of all diffusion mechanisms
of mass transport is going on and they are responsible for the sintering process. With sintering
temperature increase, the action of these mechanisms is more intensive, which directly affects
formation of contacts between certain particles, growth of contact surfaces, formation of
closed pores and grain growth. From this it follows that with temperature increase, after a
certain time the sintered density increases.

Tab. I Average density, AV/V,, specific electric resistance and hardness for sintered samples
of Cu-Al,O5 with different alumina content

Temperature| Time, | Density AV/V, Specific electric Hardness HRB 10/40
oC min d,, g/cm3 (average) resistance p, 10°Qm (average)
Cu+3%AlL,0;
15 5.58 0.1042 0.07413 88.2
800 30 5.62 0.1194 0.07128 94.1
60 5.70 0.1442 0.06581 102.1
120 5.68 0.1448 0.06232 107.1
15 5.84 0.1821 0.06127 96.2
900 30 6.14 0.1932 0.04027 101.9
60 6.42 0.1933 0.03971 102.7
120 6.44 0.1929 0.03927 102.3
Cut+5%AlL,0;
15 5.28 0.0612 0.08941 89.1
300 30 5.34 0.0982 0.08827 101.2
60 5.52 0.1191 0.08146 107.5
120 5.58 0.1332 0.08007 109.1
15 5.94 0.1763 0.07413 99.1
900 30 5.98 0.1824 0.06981 108.4
60 6.14 0.1894 0.06218 118.5
120 6.20 (0.1888 0.06127 124.7

Relative volume change, as a measure of the system activity increases with the
growth of the sintering temperature. Values of the relative volume change, at a certain
temperature and sintering time, decrease with the increase of the Al,O; content. Starting from
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general kinetic equations, and with the aim of an analysis of the sintering kinetics, the
obtained results are in accordance with other research results and certainly confirm earlier
investigations of the possibility of the use of existing phenomenological equations of sintering
[4].

Results of the examination of hardness of the sintered samples, as a measure of
reinforcement of the highly conducting copper matrix, show that the growth of hardness value
is a function of the decrease of specific electric resistance, i.e. of structural stabilization of the
system. The results also point to the growth of hardness with Al,O; content increasing, at a
certain temperature and sintering time. The obtained results of hardness examination are the
consequence of a relatively even distribution of Al,O; dispersoides in the copper matrix. The
relatively even distribution of alumina in the nanocomposite system, achieved during
synthesis of powder by depositing from a liquid phase, causes stabilization if the dislocative
structure and achievement of significant reinforcing effects by complex action of several
mechanisms. Thereby, reinforcement of the material with a small-grain  structure can be
caused by reinforcing of the grain boundaries, dissolving reinforcement and by Orowan's
mechanism.

With ALO; content increasing, the duration of the sintering process is increased.
However, with increasing of the sintering temperature for a certain time, the value of specific
electric resistance after sintering is decreased. In accordance with the stated and having in
mind that the change of specific electric resistance represents a measure of structural
stabilization of the system, it can be ascertained that at certain temperatures structural
stabilization of the system has not occurred, i.e. the structural stabilization process is not
completed. Also, with the sintering temperature increasing, the duration of the sintering
process is shortened (Fig. 6). Based on the value of specific electric resistance, as a measure
of structural stabilization, for the system with 3% of Al,O; during sintering at 800°C, the
sintering lasts 120 minutes, while for the same system during sintering at 900°C the sintering
process lasts 30 minutes.
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Fig. 6 Dependence of specific electric resistance Fig. 7 SEM of the sintered Cu+3%Al,0;
on sintering time at different temperatures system (800°C, 30 min), magnification
%3000

Analysis of the microstructure of corresponding sintered samples confirms the stated
stipulations. In Fig. 7 a microstructure survey is given of the sample sintered at 800°C for 30
minutes, whereas it is clearly seen that the structural stabilization process is not completed.
The microstructure is characterized by formation of closed pores, which is typical for a
medium stage of sintering, and also, in certain areas, for achieving contacts between certain
particles, typical for the starting sintering stage. In Fig. 8 and 9 a survey is given of the
microstructure of samples sintered at 900°C for 15 and 30 minutes.
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Fig. 8 SEM s of the sintered Cu+3% Al,O; Fig. 9 SEM of the sintered Cut+3%Al,0
system (900°C, 15 min), magnification x300  system (900°C, 30 min), magnification
%3000

The shown microstructures are characteristic for medium (Fig. 8), i.e. final stages
(Fig. 9) of sintering, which is confirmed by analysis of structural stabilization of the system
based on the value of specific electric resistance of the sintered samples. Apart from that, a
relatively even distribution of pores can be seen in the examined samples, which, among
others, significantly contributes to reinforcement of the highly conductive copper matrix.

Conclusion

Characterization of the obtained powder which comprised RDA and SEM, points to a
possibility of synthesis of a nanocomposite Cu-Al,O; system by a chemical method,
depositing from a liquid phase, starting from Cu(NO;), and AI(NO;); water solutions.

Such obtained nanocomposite powders, whose structure is, with certain changes,
preserved in the structure of the final product, has enabled obtaining of a sintered system with
exceptional effects of reinforcement and a good combination of mechanical properties-electric
properties. Thereby, the results of the hardness examination of sintered samples, as a measure
of reinforcement of the highly conducting copper matrix, show growth of the hardness value
as a function of decreasing specific electric resistance, i.e. structural stabilization of the
system, confirmed by the microstructural research. The achieved significant effects of
reinforcement are the consequence of a relatively even distribution of AlO; in the
nanocomposite system, already achieved in the process of powder synthesis by depositing
from a liquid phase.

Further research should be directed, first of all, towards identification of the Cu,Al,O,
phase and studying its influence on stabilization of the dislocative structure, and thereby on
improvement of mechanical properties and accomplishing of a good combination of
mechanical-electric properties of the sintered systems.
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Cadpocaj:. ¥ paoy je npuxazana cunmesa komnosuma nwa 6asu Cu-Al,O; mepmoxemujckum
nymem y3 YHOPEOHY aHAAU3Y C80jcmaga O0OUjeHUX HAHOKOMNOUMHUX CUHMEPOBAHUX
y30paka, Koje Kapakmepuuie 000pa KoMOUHayuja eneKmpuyHa-mMexaHuyka ceojcmed,
NO0200HUX 3a Pa0 HA nNosuwenum memnepamypama. Yaompa gunu u nanoxpucmannu npax Cu-
ALO; Oobujen je xemujckum nymem nonazehiu 00 600€HUX pacmeopa HUMpama oo
nocmuzarea 3axmesanoe cacmaga ca 3 u 5% AlLO; Cunmesa KOMRO3UMHUX NPAX08A ce
008Ujana Kpo3 HeKOAUKo ¢hasa. cyuiere pacnpuiusarbem, okcuoayuja oodbujenoc npaxa
npekypcopa u 3amum  peoyKyuja BOOOHUKOM 00 HNOCMU3AIbe KOHAYHOZ CACasd
HaHoKkomMnosumuoe npaxa.Haxon xapaxkmepusayuje 0obujenux npaxosa, Koja je ooyxeamuia
ucnumugarba  Memooom  ckanupajyhe  enekmpowncke — mukpockonuje  (CEM) u
peHOzeHocmpykmypHe auaruse (PHA), epweno je npecosare npaxosa NpUmMucKom
npecogarva 00 500 MPa. Cummeposarve 000OujeHux y3opaxa epuieno je y ammocghepu
6000HUKA Y uzomepmckum yerosuma na memnepamypama 800 u 900° C y moxy 30, 60, 90 u
120 munyma. Kapaxmepusayuja oobujenoe Cu-Al,O; nHanokoOMno3umuoz cuHmepo8anoe
cucmema je 00YX6amMuia UCHUMUBALA MUKPOCMPYKMYpe CKaAHUpajyhiom enekmpoHCKOM
MUKDOCKONUJOM, KAO U UCAUMUBAIA eNeKMPUYHUX U MeXaHuukux ceojcmasa. lodujenu
pe3yaimamu  NOKA3Yjy XOMO2eHy pacnooeny oucnepouda y Cmpykmypu, Kao u 0obpe
Mexanuuke u enekmpuine ocooune.

Kwyune peuu: baxap, enunuya, HanoKOMNOUMHYU NPAXO06U, CUHINEPOBAT»e.
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