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In recent decades, powder metallurgy technology has advanced considerably and been used to manu-
facture sintered structural components with extremely high dimensional accuracy and excellent surface
finish. This process is based on the compression of a mixture of metal powder and sintering in an oven us-
ing controlled temperature and atmosphere. This technology meets copper alloys design with excellent me-
chanical properties at the lowest cost. This prompted us to study the effect of sintering temperature and
aluminum concentration on the hardness, microstructure, and density of copper-aluminum (Cu-Al) alloys
prepared by using the powder compaction process. In this work, samples of Cu-Al alloy with 5, 11, 14, and
18 wt. % of Al were prepared by mechanical alloying of elemental powders, followed by consolidation under
a pressure of 12.5 MPa and sintering at 700-1000 °C in vacuum for 90 min. Microstructural constituents
were examined using X-ray diffraction. Density and hardness were measured and their changes with the
size of the granules and the formed phases were studied. The j» phase samples showed higher hardness.
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1. INTRODUCTION

Copper alloys have high thermal conductivity, wear
resistance, corrosion resistance, and good mechanical
strength to be widely used in applications of friction
materials, grinding tools, structure parts, ete. [1-3]. For
example, sintered metal friction materials contain some
typical copper matrix, friction modifiers and lubricants to
get a high and stable coefficient of friction, low wear loss,
and good thermal conductivity under the operating condi-
tions of high temperature, high load, and high speed [4].

Powder compaction technology, which is generally
called powder metallurgy (PM), has advanced signifi-
cantly over the past decades [5-8]. This process can be
considered as an alternative, lower cost process com-
pared to other similar metal working technologies and
provide cost-effective, but higher quality product [9-11].

In this study, we used the PM process to prepare
samples of Cu-Al alloys (5, 11, 14, 18 wt. % of Al) in
order to obtain adequate mechanical properties by
optimizing sintering and thermal treatment.

2. EXPERIMENTAL

The experiment consists of five consecutive steps
(see Fig. 1): powder mass preparation, powder mixing,
molding, sintering, and sample characterization. Cu and
Al powders (99.5 wt. % purity and about 6-60 um parti-
cle size for Cu and 99.5 wt. % purity and about 10-
110 um particle size for Al) with a composition of Cu-
5 wt. % Al, Cu-11 wt. % Al, Cu-14 wt. % Al, and Cu-
18 wt. % Al were mechanically stirred for 90 min. The
alloy powder was first cold compacted at a uniaxial
pressure of 12.5 MPa using a manual press.
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Fig. 1 — Experimental steps

These cold-pressed cylindrical specimens of 20 mm
diameter and 2 mm height were mounted in ceramic
containers. The samples were sintered at 700, 800, 900,
and 1000 °C (Protherm furnaces PTF 14/75/450) in vac-
uum at 3.5 x 10-3 mbar for 90 min. Cooling was slow
inside the oven and faster outside. Phases in the samples
were determined by the X-ray diffraction analysis (SEI-
FERT XRD3003TT) and data base (ICDD/JCPDS PDF
Retrievals [Level-1 PDF, Sets 1-51(07)]). The grain sizes
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were determined using XRD spectra. Density was ob-
tained by measuring the mass and size of each sample.
The microhardness was measured using a diamond
Vickers hardness tester (FM-300e Japan).

3. RESULTS AND DISCUSSION
3.1 XRD Analysis

Fig. 2, Fig. 3 and Fig. 4 present the X-ray patterns
of Cu-5 wt. % Al (700, 800, and 900 °C), Cu-11 wt. % Al
and Cu-14 wt. % Al (1000 °C), and Cu-18 wt. % Al
(800 °C), respectively.

X-ray diffraction patterns of samples with 5 wt. % of
Al show an increase in the a phase with increasing
sintering temperature from 700 to 900 °C (Fig. 2). It
seems that the copper network is saturated by alumi-
num diffusion [12].

Fig. 1 and Fig. 2 show the simulated profiles (solid
lines) we have obtained and their comparison with the
experimental profiles of phosphorus diffusion in Ge at
the indicated temperatures and times.
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Fig. 2 — X-ray diffraction patterns for Cu-5 wt. % Al (700, 800,
and 900 °C)

X-ray diffraction patterns of samples with 11 wt. %
of Al show the existence of the a-phase with decreasing
percentage of 2. The y-phase increases proportionally
to the a-phase due to an increase in aluminum per-
centage from 11 to 14 %, which is revealed in Fig. 3.
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Fig. 3 — X-ray diffraction patterns for Cu-11 wt. % Al and
Cu-14 wt. % Al (1000 °C)
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X-ray diffraction patterns for samples with 18 wt. %
of Al show the j2-phase (see Fig. 4). This corresponds to
what the phase diagram shows [13].
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Fig. 4 — X-ray diffraction patterns for Cu-18 wt. % Al (800 °C)

3.2 Granular Size

X-ray diffraction spectra were used to determine the
grain size of the samples. The size of the crystallites
was calculated from the full width at half maximum
(FWHM) of the peaks using the Scherrer formula [14]:

kA
Beost’
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where L, k, A, B and 6 represent, respectively, the crys-
tallite size, Scherrer constant, X-ray wavelength, dif-
fraction peak width, and Bragg angle.

It is noticed that whenever the aluminum concen-
tration increases, the average diameter of granules
increases consequently (Fig. 5), which corresponds to
the clarification of linear shrinkage relation [15]:
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where AL/Lo is the linear shrinkage, y, a3, D, kg, T and ¢
represent, respectively, the surface energy, atomic
volume, diffusion coefficient, Boltzmann constant, tem-
perature and time, K is a geometry-dependent con-
stant, n is typically close to 3, and m is generally in the
range of 0.3 to 0.5.
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Fig. 5 — Granular size changes with aluminum concentration
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EFFECT OF SINTERING TEMPERATURE AND ALUMINUM CONCENTRATION...

Using the solution of Fick's equation and extracting
D (x = 0), then inserting it into relation (2), we can find

AL _[ Kya*@’ ] ' )

Ly, \kgTd"zc?
@ and c represent, respectively, aluminum concentra-
tion before and after sintering.

3.3 Density

To determine the density of the samples, we meas-
ured the size and mass of each sample using sensitive
devices and then divided the size by mass. Fig. 6 shows
changes in density with sintering temperature. In gen-
eral, a slight change was observed in the increase in
the density of samples with 5, 11, 14 and 18 wt. % of Al,
however, for the sample with 0 wt. % of Al, the change
was clearer and more important than the change in
other samples.
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Fig. 6 — Density changes with sintering temperature

Fig. 7 shows changes in volumetric mass in terms of
aluminum concentration. It is clear that whenever
aluminum percentage increases, the volumetric mass of
the samples decreases, which is consistent with the
curves of volumetric mass change with aluminum con-
centration in references [16, 17].
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Fig. 7 — Density changes with aluminum concentration
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3.4 Hardness

The Vickers hardness of untreated samples ranges
from 46.7 to 69.8 kg/mm?, but for treated samples, it is
in the range from 52.3 to 698.8 kg/mm2. By comparing
the extreme values of the hardness of treated and un-
treated samples, we can conclude about the effective-
ness of sintering temperature, at which the hardness
increases tenfold from 69.8 to 698.8 kg/mm?2.

Fig. 8 shows changes in hardness with sintering
temperature. We can notice that whenever the temper-
ature increases, the hardness increases, this is due to
the increased diffusion of aluminum with increasing
temperature. We can see that the curves are arranged
one above the other orderly, whenever the percentage
of aluminum increases, the curve rises, i.e., whenever
the percentage of aluminum increases, the hardness
rises. We can also notice that high values of hardness
are concentrated between 18 and 14 wt. % of Al, partic-
ularly samples with 18 wt. % of Al, where the hardness
is never below 370 and even reaches 700 kg/mm2. Com-
paring this and the results of XRD patterns, it should
be concluded that the samples of higher hardness are
those having a higher percentage of the j2-phase.

Concerning samples of the a-phase, the hardness
reaches the extreme values of 116.5, 160.5, 148.2 kg/mm?
in samples with 0, 5, and 11 wt. % of Al, respectively.
In a previous study, it was found that the hardness of a
sample with 5 wt. % Al reached 170 kg/mm? [18].

Changes in the size of granules with aluminum con-
centration at 1000 °C (1000 °C is taken to have extreme
values of hardness in this region), and if divide the
aluminum concentration area by phases into two parts:
the first part from 5 to 11 wt. % Al (field of the a-phase)
and the second one from 14 to 18 wt. % Al (field of the
»-phase), we can notice in each field that whenever the
granule size decreases, the hardness increases.

Taking the extreme value of hardness, which is
equal to 698.8 kg/mm? for a sample with 18 wt. % of Al,
the volumetric mass of this sample is 4.164 g/cm?3.
However, at 14 wt. % of Al, the extreme hardness is
615.2 kg/mm? and the density is 3.826 g/cm3. One can
observe the only one increasing curve.
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Fig. 8 — Hardness changes with sintering temperature
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4. CONCLUSIONS

In this work, we have studied the influence of sin-
tering temperature and aluminum concentration on
hardness, microstructure and density of Cu-(5, 11, 14,
and 18 wt. %) of Al. From the results we can conclude
that for samples with 5 wt. % Al, the a-phase is formed
and increases with increasing temperature until it
reaches a maximum of 900 °C. The p-phase increases
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Bmiiue remneparypu CllikaHHA Ta KOHIEHTPAILI] aJIIOMiHII0O HA TBEPAiCTh, MIKPOCTPYKTY PY
Ta IIJIBHICTE MiTHO-AJIIOMIHI€BUX CILJIABIB
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3a ocTaHHI JeCATHJIITTA TEXHOJIOTIA IIOPOIIKOBOI METAJIyPrili 3HAYHO MPOCYHYJIACS BIIEPEI 1 3aCTOCOBY-
€ThCS JIJIsT BUPOOHMITTBA CIIEUeHNX KOHCTPYKITIMHUX KOMIIOHEHTIB 3 HAI3BUYANHO BHUCOKOI0 TOYHICTIO PO3Mi-
piB Ta BiAMIHHOIO 00poOKo0 moBepxHi. Ile#t mporec 3acHOBaHMI HA IIPEeCyBAHHI CyMIIIl METAJIeBOTO ITOPOTII-
Ky Ta CIIIKAHHI B IIe4i 3 BUKOPHUCTAHHIM KOHTPOJIBOBAHOI TeMieparypu Ta armocdepu. Jlana TexHooris Bi-
JIIIOBIJIJa€ BMMOraM 10 CTPYKTYPH MiJHUX CILIABIB 3 KPAIMMM MEXAHIYHUMHU BJIACTUBOCTIMM IIPU HA-
MeHIuX BUTpaTrax. lle croHykaso Hac BUBYNTH BILJIMB TEMIIEPATYPH CIIIKAHHS T4 KOHIIEHTPAT] aJIIOMIHI0
Ha TBEPJICTh, MIKPOCTPYKTYPY Ta IILIBHICTH MinHO-amoMiHieBux (Cu-Al) crutaBie, oTpruMaHUX 3a TOIIOMOTO0
IPOoIIecy IpeCcyBaHHs MOPOIIKy. ¥ pobori 3pasku cmraBy Cu-Al 3 5, 11, 14 Ta 18 mac. % Al orpumyBasu me-
XaHIYHUM JIETYBAHHAM IIOPOIIKIB 3 MOMAJIBIIUM CIHKaHHAM mig truckoM 12,5 MIla mpm 700-1000 °C y Baky-
ymi mporsirom 90 xB. JlocoimpxeHHST MIKPOCTPYKTYPH IIPOBOJMJINCH METOOM PEHTTeHIBCHKOI audpaxirii.
TIpoBenmeni BUMIpIOBaHHS IIIJIBHOCTI 1 TBEPIOCTI Ta BCTAHOBJIEHA IX 3AJIEKHICTH BiJl pO3MIpy TpaHys Ta
yTBOpeHux ¢as. 3pasku pasu j» MoKa3au BUILY TBEP/IICTh.

Knrouosi cnopa: CrutaBu Cu-Al, [{udpaxriiiss penrreHiBcprux mpomeris, Teepaicts, Poamip rpanyir, @asza j.
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