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7KHLQÀXHQFHRIDPRGL¿HUEDVHGRQ:&QDQRSDUWLFOHVZDVLQYHVWLJDWHGXVLQJEXON
Al in a real industrial process using a commercial Al–Si hypoeutectic alloy. The modi¿HUZDVSUHSDUHGE\KRWH[WUXVLRQDSSURDFK,WVLQÀXHQFHZDVLQYHVWLJDWHGRQ$ODQG
RQFRPPHUFLDO$O$DOOR\7KHPHFKDQLFDOSURSHUWLHVRIWKH$O$DOOR\PRGL¿HG
with WC nanoparticles was determined after T6 heat treatment and compared with an unPRGL¿HGVSHFLPHQRIWKHVDPHDOOR\7KHUHVXOWVREWDLQHGLQWKHPRGL¿HG$O$DOOR\
reveal unusual behavior of the mechanical properties, where the elongation of the alloys
improved by 32%–64%, while the tensile and the yield strengths remained unchanged.
This behavior was attributed to a grain-size strengthening mechanism, where strengthening occurs due to the high concentration of grain boundaries, which prevent the dislocations motions in the metal lattice.

Introduction
The strengthening of metals is one of the main challenges in modern materials industry. Typically, such strengthening can be achieved
by well-known alloying processes, in which some materials are added to
affect the metallic product formed. The main disadvantage of the process
is the relatively high fractions of expensive materials which are used to
obtain the desirable technological characteristics.
Research on the formation of materials with improved mechanical
performance is of great interest when they are considered in applications
in the automotive or aerospace industry. In this work, the possibility of
altering the mechanical properties and the microstructure of the Al–Si
A356 casting alloy was investigated. Aluminum alloy A356 has excellent castability, mechanical characteristics, and physical properties. Its
strength is usually improved by the alloying technique [1–6] using master alloys, by heat treatment, or by applying ultrasound that affects the
FU\VWDOOL]DWLRQSURFHVVRIWKHVROLGL¿HGDOOR\>±@6RPHVWXGLHVKDYH
shown that the addition of TiB2 particles, which serve as crystallization
QXFOHLFDXVHVUH¿QHPHQWRIWKHPHWDOJUDLQV>@6PDOODGGLWLRQV
RI6UDQG1DLQWR$O±6LFDVWLQJDOOR\VHQKDQFHWKHIRUPDWLRQRIUH¿QHG
HXWHFWLFFRORQLHV>@7KHVHJUDLQUH¿QHPHQWSURFHVVHVFDXVHLPprovement of the mechanical properties of metals. Another strengthening
technology is Semi-Solid Metal processing (SSM), which was initially
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developed in the 70s of the last century [14]. Under the SSM approach,
PHWDOVDUHWUHDWHGE\DPL[WXUHRI¿QHVROLGQRQPHWDOSDUWLFOHVGLVSHUVHG
in the melt [15, 16].
In the last 20 years nanoscience approach has become a popular
subject. It would be reasonable to expect that nanoparticles in the metal
formed would cause such changes in the mechanical properties, but that
WKHLULQÀXHQFHZRXOGEH³PLOGHU´DQGPRUHEDODQFHG8QIRUWXQDWHO\WKH
effect of additions of nanoparticles to metallic materials has not been
thoroughly studied, but some researchers have reported that the mechanical properties of aluminum A356 could be improved by additions of
Al223 or TiB2 nanoparticles during the casting process [17, 18]. In the
current work nanoparticles were used as nucleation sites; therefore, their
melting point should be higher than that of aluminum to avoid their melting. Among their advantages, nanoparticles display high gas absorption
on their surface because of the very large proportion of surface atoms
out of the total number of atoms. Therefore, they need to be protected to
SUHYHQWWKHLUÀRDWLQJRQWKHVXUIDFHRIWKHPROWHQPHWDO
:&XVHGLQWKLVVWXG\DVDPRGL¿HUEDVHGQDQRPDWHULDOEHFDXVH
of its advanced mechanical properties and relatively high melting point.
Lekatou et al. [19] showed that WC nanoparticles can be used in an aluminum reinforcement process in a relatively small amount of aluminum.
Unfortunately, WC exhibits poor wettability by aluminum and its alloys.
2QHVROXWLRQZDVGHVFULEHGE\&KDWWRSDGK\D\HWDO>@ZKRVROYHGWKH
problem by applying different treatment methods. In this work an alterQDWLYHDSSURDFKZLOOEHSUHVHQWHGZKHUHDPRGL¿HUZLOOEHSUHSDUHGE\
hot extrusion process.
It is relatively easy to perform the work and describe the experimental results obtained on relatively small amounts of the material, such
as hundreds of grams. The aim of the present research is to investigate
WKHLQÀXHQFHRIDQDGGLWLRQRI:&QDQRSDUWLFOHVLQDVFDOHGXSSURFHVV
on the mechanical properties of the metal. The scaled-up industrial process is investigated on the commercial aluminum A356 casting alloy. An
additional aim of the research is to describe the strengthening mechanism in the process.
([SHULPHQWDO
Al–Si alloy sample preparation
WC nanoparticles (Inframat ® Advanced Materials, 99.5%, crystallite size 40–70 nm) were mechanochemically activated with aluminum powder (Strem, 99%+, 20–40 mesh) in a Retsch PM 100 planetary
ball mill. The milling speed was 400 rpm, and the activation time was
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5 min. The powder mixture obtained was hot-extruded at 623 K in
a home-made extrusion container with an extrusion ratio equal to 17.4.
A 100 kg portion of ingots of Al–Si alloy A356 (Rheinfelden
Alloys GmbH) was melted in an industrial electric resistance furnace,
overheated to 1033 K, and then subjected to a standard industrial modi¿FDWLRQSURFHVVXVLQJVRGLXPDQGGHJDVVLQJE\)'8$IWHUGHJDVVLQJ
DPRGL¿HUFRQWDLQLQJZWRI:&QDQRSDUWLFOHV RXWRIWKHWRWDO
Al mass) was added to the molten metal, and the mixture was stirred for
PLQ7KHPHOWZDVSRXUHGLQWRDVSHFLDOVDQGPROG )LJ ZKRVH
FHQWUDOSDUWVROLGL¿HVPXFKPRUHVORZO\WKDQWKHRXWHUSHULPHWHU7KH
pouring temperature was controlled at about 1003 K. After pouring, the
specimens produced were T6-heat-treated.

Fig. 1. Special sand mold used in the research

Characterization techniques
Microstructure studies were carried out using a Zeiss Axiolab optical microscope. The specimens of the Al A356 casting alloy were anaO\]HGXVLQJD.HOOHU±:LOFR[UHDJHQW PO+&OPO+123PO+)
ml H22 WRLQYHVWLJDWHWKHLUPLFURVWUXFWXUHV*UDLQVL]HPHDVXUHPHQWV
were made using the SIAMS 600 (System of Image Analysis and Modeling Structures) software version 2.0 and were based on the images taken
from the optical microscope.
6(0 LPDJHV ZHUH REWDLQHG E\ D -(2/ -60/9 VFDQQLQJ
HOHFWURQ PLFURVFRSH7KH SKDVHV ZHUH LGHQWL¿HG E\ ;5' DQDO\VLV XVLQJD3DQDO\WLFDO;¶3HUW3UR;UD\SRZGHUGLIIUDFWRPHWHUDWN9DQG
P$7KH;5'SDWWHUQVZHUHUHFRUGHGLQWKHĬUDQJHIURPWR
 WKHVWHSVL]HZDVDQGWKHWLPHSHUVWHSZDVV  The chemical composition was detected by a Spectromax optical emission spectrometer.
The mechanical properties were measured by an Instron 3369 testing machine according to ASTM B 108-01 after T6 heat treatment. The
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PRGL¿HGDOOR\VSURGXFHGZHUHFRPSDUHGWRWKHXQPRGL¿HGDOOR\VFDVW
under the same conditions. Hardness tests were conducted on as-cast alloys by a Rockwell hardness tester (Wilson Hardness Ltd.) before and
DIWHUPRGL¿FDWLRQ
5HVXOWVDQGGLVFXVVLRQ
&KDUDFWHUL]DWLRQRIWKHPRGL¿HUIRU$O6LFDVWLQJDOOR\
The following experiments were conducted using the commercial
$K\SRHXWHFWLF$O±6LFDVWLQJDOOR\+HUHWKHPRGL¿HUZDVREWDLQHG
by a hot extrusion process. During the process, the oxide layer on the
nanoparticle surface disappeared because of the high compressive forces
DSSOLHG>@7KHPRGL¿HUREWDLQHGLVDFRUHGZLUH¿OOHGZLWKDPL[WXUH
of a milled coarse Al powder with WC nanoparticles. An SEM image of
WKH¿EHUVWUXFWXUHREWDLQHGLQVLGHWKHPRGL¿HULVSUHVHQWHGLQ)LJ

)LJ6(0LPDJHRIDFRUHGZLUHPRGL¿HU

$O6LDOOR\FDVWLQJSURFHVV
;5'SDWWHUQVZHUHXVHGWRUHYHDOVWUXFWXUDOFKDQJHVLQWKHDOOR\
GXULQJWKHPRGL¿FDWLRQSURFHVV;5'SDWWHUQVRIWKHPRGL¿HGDQGXQPRGL¿HG$FDVWLQJDOOR\VDUHVKRZQLQ)LJ
7KH;5'UHVXOWVLQGLFDWHGWKHSUHVHQFHRIRQO\DOXPLQXP -&3'6
01-071-4624) and silicon (JCPDS 01-070-5680) phases. No difference
FDXVHGE\WKHPRGL¿FDWLRQZDVREVHUYHGWKHUHIRUHQRQHZSKDVHZDV
IRUPHGLQDGHWHFWDEOHDPRXQWDVDUHVXOWRIWKHPRGL¿FDWLRQSURFHVV
7KHVHUHVXOWVZHUHDOVRFRQ¿UPHGE\FKHPLFDODQDO\VLVRIWKHPRGL¿HG
DQGXQPRGL¿HGDOOR\V7KHFKHPLFDOFRPSRVLWLRQVRIERWKDOOR\VGHWHUmined by optical emission spectroscopy are presented in Table 1.
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)LJ;5'SDWWHUQVRIDOXPLQXPDOOR\$EHIRUHDQGDIWHUWKHPRGL¿FDWLRQSURFHVV
ZLWKWKHPRGL¿HUEDVHGRQ:&QDQRSDUWLFOHV

After T6 heat treatment, two specimens cut from the center and
WZR IURP WKH SHULPHWHU RI WKUHH GLIIHUHQW PRGL¿HG FDVWLQJ SDUWV ZHUH
subjected to tensile strength tests and compared with two specimens
from the center and from the perimeter of one as-cast part. The crystallization rate on the perimeter of the cast part was much higher than the
crystallization rate in the central area because of the different thicknesses
of the sand mold.
Table 1
&KHPLFDOFRPSRVLWLRQRIDOXPLQXPDOOR\$EHIRUHDQGDIWHUWKHPRGL¿FDWLRQ
SURFHVVZLWKWKHPRGL¿HUEDVHGRQ:&QDQRSDUWLFOHV
State of the cast
alloy

Si

Mg

Ti

)H

Cu

Al

%HIRUHPRGL¿FDWLRQ

7.02

0.39

0.17

0.12

0.003

Bal.

$IWHUPRGL¿FDWLRQ

7.14

0.37

0.17

0.12

0.003

Bal.

The values of the tensile strength, yield strength, and elongation of
WKHDVFDVWDQGPRGL¿HGDOOR\VDUHVXPPDUL]HGLQ7DEOH
,W LV VHHQ IURP WKH WDEOH WKDW WKH DGGLWLRQ RI WKH PRGL¿HU EDVHG
on WC nanoparticles improved the elongation of the metal by 32% and
64% in the perimeter and in the central part of the mold, respectively.
The tensile strength and yield strength of the metal remained unchanged.
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Table 2
0HFKDQLFDOSURSHUWLHVRIDOXPLQXPDOOR\$EHIRUHDQGDIWHUWKHPRGL¿FDWLRQ
SURFHVVZLWKWKHPRGL¿HUEDVHGRQ:&QDQRSDUWLFOHV

Cast part
center

Cast part
perimeter

State of the
cast alloy

Tensile Strength
[MPa]

Yield Strength
[MPa]

Elongation
[%]

Before
PRGL¿FDWLRQ

277.5±1.1

226.7±1.8

2.8±0.1

After
PRGL¿FDWLRQ

284.8±0.9

226.7±1.6

4.6±0.3

Before
PRGL¿FDWLRQ

303.5±13.1

231.8±3.6

6.5±1.8

After
PRGL¿FDWLRQ

307.3±7.6

230.3±4.4

8.6±0.8

Generally, increasing the tensile strength reduces the ductility and
vice versa. The results in Table 3 show unusual behavior, under which the
elongation increases while the strength remains unchanged. The phenomenon of increases in the elongation as the grain size decreases is still not
well understood. This phenomenon was also described by Li and Gui [22].
Hardness tests were conducted on the as-cast alloys before and after
PRGL¿FDWLRQ7KHUHVXOWVDUHDYHUDJHVRIWKUHHSRLQWVLQGLIIHUHQWUHJLRQVRI
WKHFDVWLQJRWV7KHKDUGQHVVRIWKHDVFDVWDOOR\EHIRUHPRGL¿FDWLRQZDV
+5%DQGWKHKDUGQHVVRIWKHPRGL¿HGDOOR\ZDV+5%
The addition of WC nanoparticles causes the hardness to improve by 66%.
Hardness indicates the resistance of the material to localized plastic deformation and can indirectly indicate the tensile strength. In our
case, it is valuable more as an indication of the resistance to penetration
of the surface than as an indication of the tensile strength; therefore, its
VLJQL¿FDQWLPSURYHPHQWZDVQRWH[SUHVVHGLQWKHYDOXHVRIWKHXOWLPDWH
tensile strength (UTS).
Table 3
&DOFXODWHGDYHUDJHJUDLQVL]HRI$DOOR\EHIRUHDQGDIWHUWKHPRGL¿FDWLRQSURFHVV
ZLWKWKHPRGL¿HUEDVHGRQ:&QDQRSDUWLFOHV
State of the alloy

Analyzed area
(mm2)

No of grains on
1cm2

Average grain size
(mm)

%HIRUHPRGL¿FDWLRQ

53.5

370

0.520

$IWHUPRGL¿FDWLRQ

56.4

431

0.482
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Fig. 4. 2SWLFDO PLFURJUDSKV RI $O $ DOOR\ EHIRUH D  DQG DIWHU WKH PRGL¿FDWLRQ
SURFHVVZLWKWKHPRGL¿HUEDVHGRQ:&QDQRSDUWLFOHV E DWîPDJQL¿FDWLRQ

6SHFLPHQVRIWKH$O$FDVWLQJDOOR\EHIRUHDQGDIWHUPRGL¿FDWLRQZHUHDQDO\]HGDQGWKHLUPLFURVWUXFWXUHVDUHVKRZQLQ)LJ
It is seen from the micrographs that the microstructure of the
PRGL¿HGDOOR\EHFDPH¿QHUDQGWKHQXPEHURISRUHV EODFNGRWVRQWKH
PLFURVWUXFWXUHV GHFUHDVHG,WLVDOVRVHHQWKDWWKHPRGL¿FDWLRQSURFHVV
VLJQL¿FDQWO\ UH¿QHG WKH FRDUVH ODUJH HORQJDWHG Į$O JUDLQV LQWR ¿QH
equiaxed grains with homogeneously distributed eutectic Si particles.
The results of calculations of the average grain size using the SIAMS image analysis software are shown in Table 3.
According to the calculated results, the average grain size of aluPLQXP DOOR\$ ZDV UHGXFHG E\  DIWHU PRGL¿FDWLRQ ZLWK :&
nanoparticles.
,Q VXPPDU\ WKH PRGL¿FDWLRQ RI $O±6L FDVWLQJ DOOR\ ZLWK :&
nanoparticles is an important achievement for the technological casting
process because of the improvement in the mechanical properties obtained without using common alloying compounds, which makes casting
SURGXFWLRQPRUHHFRQRPLFDOO\EHQH¿FLDO
6WUHQJWKHQLQJPHFKDQLVP
The experimental results from the present research demonstrated
a 66% improvement in the hardness of the Al–Si alloy. It is important
to mention that hardness is a mechanical property which can indirectly
indicate the tensile strength. In our case, it is more valuable for the resisWDQFHWRSHQHWUDWLRQRIWKHVXUIDFHWKHUHIRUHLWVVLJQL¿FDQWLPSURYHPHQW
was not expressed in terms of tensile strength values.
Usually the strengthening of aluminum can be increased by several mechanisms:
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1) solid-solution strengthening when an alloying element forms a
solid solution with the metal so that the atoms of the solute prevent dislocation motion in the lattice of the solvent;
2) grain-size strengthening expressed by the Hall–Petch relation
[23], which calls for an increase in the yield stress of a polycrystalline
material as its grain size decreases;
3) precipitation hardening, which is the process of high-temperaWXUH¿[DWLRQRIWKHVWUXFWXUHRIDOOR\VDWORZHUWHPSHUDWXUHV
In our previous work we described the strengthening mechanism
IRUDQ$O±6LDOOR\PRGL¿HGE\FHUDPLFQDQRSDUWLFOHV>@/DUJHFRQcentrations of dislocations were observed near the grain boundaries, and
nanoparticles were found only inside aluminum alloy grains. This is an
indication that the nanoparticles act as nucleation accelerators in the
crystallization process. As a result, the large numbers of grain boundaries formed prevent the slip motion of dislocations from one grain into
another because of the lattice orientation difference.
According to the results obtained in the current research, together
with our previous experimental results, it may be assumed that a grain
boundary mechanism is responsible for the strengthening process.
&RQFOXVLRQV
7KHHIIHFWRIPRGL¿FDWLRQZLWK:&QDQRSDUWLFOHVRQWKHPLFURstructure and mechanical properties of the Al A356 casting alloy has
been described in this work. Preparation of WC nanoparticles with the
aluminum mixture followed by a hot extrusion process has been found to
EHDIHDVLEOHPHWKRGIRUSUHSDULQJWKH$OPRGL¿HU
7KHFRPPHUFLDO$O$K\SRHXWHFWLFDOOR\ZDVPRGL¿HGDQGLQvestigated. Its elongation increased by 32% and 64% in different parts of
the mold, and its hardness increased by 66%. Based on the previous experimental results together with the present research, it may be assumed
WKDWDJUDLQVL]HVWUHQJWKHQLQJPHFKDQLVPRSHUDWHVLQWKHPRGL¿FDWLRQ
of the Al–Si alloy with WC nanoparticles.
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