Manuscript version: 6 November 2019
Elsevier, Materials Science & Engineering
https://doi.org/10.1016/j.msea.2019.138639

Strength-ductility trade -off via SiC nanoparticle dispersion in A356 aluminium matrix

R. Taherzadeh Mousaviars. Behnamfard,R. AzariKhosroshahiJ . Z a v & §hoshk |,
S.KrishnamurthyA. HeidarzadehD.Brabazon

g-Form, Advanced Manufacturing Researchntte & Advanced Processing Technology Research
Centre, School of Mechanical & Manufacturing Engineering, Dublin City University, Dublin 9, Ireland
PFaculty of Materials Engineering, Sahand University of Technology, Tabriz, Iran

Jogef St e famava 39,300, LjubljphagSlovedia

YNanoscale Energy and Surface Engineering Department of Engineering and Innovation, The Open
University, Buckinghamshire, MK7 6AA, United Kingdom

¢Department of Materials Engineering, Azarbaijan Shahid Madani Uniyefsibriz, Iran

correspondin@uthor.rezataherzadeh.mousavian@dcu.ie

Abstract
A process was dee | oped t-8iC danopatielesgNPs),bwith a high propensity to
aggl omerate, within a matrix of A356 al uminu

in the A356 matrix was obtained through a hybrid process including astatel modificatn

on the surface of the NPs, a tstep stirring process in the sesalid and then the liquidtate,

and a final hotolling process for fragmentation of the brittle eutectic silicon phase and
porosity elimination. Titanium and nickel where used as theoparticle SiC surface
modifiers. Both modifiers were found to improve the mechanical properties of the resulting
material, however, the highest improvement was found from the nickel surface modification.
For the nickel modification, compared to the sremforced rolled alloy, more than a 77%,
85%, and 70% increase in ultimate tensile strength (UTS), yield strength (YS), and strain % at
the break, respectively were found with respect to the unreinforced rolled A356. For the rolled
nanocomposite containinp wt f@ndSnickel modification, an average YS, UTS, and
strain % at the break of 277 MPa, 380 MPa, a
unique and considerable property improvements for A356 alloy
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1. Introduction

The unabated thirst for fushving and costfficient materials in automotive, defense, and
aerospace industries has generated a focus on metal matrix nanocomposites (MMNCSs). The
primary goal of MMNC research is to employ nanoparticle (NP) reinforcements to produce
high strength/lowdensity materials with a higher ductility than can be achieved by using
micronsize reinforcements. In this case, a suitable dispersion of NPs can keesusbdrrier

for the movement of dislocations and avoid their pile up on grain boundHrietivever, the
characteristic nature of the high surfaoesolume ratio and van der Waals forces between the
NPs tend to keep them in the agglomerated state. Several different approaches have been
examined (e.g. sonicahg particle heat treatment, and various mixing methods) to break the
bonds and thereby deagglomerate the clusB3k [

Two major routes for MMNCs processing have been developed;statel processing (e.g.
powder metallurgy) and liquidtate solidification processind][ In the powder metallurgy

route, high shear stress generated by-eiggrgy ball milling is used to shear nanoparticle
clusters. However, this technique cans various drawbacks. The cost of metal powder
production is high, and this method has limited capability for shaping products in geometrically
complex forms. Furthermore, this method needs additional processes to manufacture the final
parts, such as Hling, machining, or another surface finishirg6]. The casting method
(liquid-state solidification processing) caa bonducted in liquid, sersolid, or in a twestep
process, which has been used to overcome the noted drawbacks of the powder metallurgy route.
This method is suitable to produce components with complex shapes in any sizes. Also, itis a
low cost, converEnt, and accessible technique. The Casting of an MMNC where Orowan
strengthening is dominant requires dispersion of NPs in the liquid melt followed by the
engulfment of the particles within the solidifying grains which is one of the most challenging
method for achieving a uniform NP dispersion. It is known that a uniform distribution of NPs
inside the grains is difficult to achieve in practice to pin the dislocations. Whether particles are
pushed or engulfed during solidification depends on the velocthegbarticles relative to the
solidification front (SF) during grain growth. If the SF velocity is higher than the critical
velocity, the particles will be engulfed by the moving SF. Assuming the velocity of the SF is
held constant, NPs in low concentoeis can thereby be engulfe.[Therefore, to design the
microstructure of MMNCs, the interaction of NPs with an advancing-$iglidd interface and
methods for their injection to the melt need to be studigd |

Various measurements have been taken to address the problems associated with NPs
agglomeration, such as sesalid stir casting (SSC) [2], [3], [4]], ultrasonic treatment

[[5], [6], [71,[8],[9], [10], [11], [12],[13]], ball-milling [[14], [15],[16]] as well as a
combination of these routegll], [18], [19], [20]]. It has been reported that in the-S6
process, shear stress in the {@lase region causes @igglomeration. RohatgR[l] and his
research team investigated the manufacture of alumbmasad nanocomposites by using a
reactive wettig method in which magnesium chips were added to react with the alumina layer
on the surface of aluminum alloy. They reported that magnesium, as it is introduced in the
molten metal, could eliminate the oxygen and surface alumina by reacting with hideed,

Mg improves the wettability by removing surface alumina and decreasing surface tension or
interfacial energy between particles and melt. They showed that in the case of achieving an
ideal distribution of nanoparticles without any clustering, the gnamain coarse and Orowan

is the dominant strengthening mechanism. If agglomeration takes place, the clusters are moved
by the solidification front and accumulation of clusters leads to the production of smaller
grains, and the dominant strengthening naacdm, in this case, is Hafetch.
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The idea of using a carrier protein, which is a method used in medical science to inject specific
substances into the blood was suggested by Su é&2hllj this study, it was showed that
aluminum powder is a suitable carrier to introduce nanoparticles into the melt. Honever
low-magnification microstructure was reported in their study for concluding the method of
incorporation. In 2014 Rohatgi et aRJ evaluated strengthening mechanisms with the
addition of magnesium as the wetting factor to the melt. Ndunmina powders were added to

melt in two forms, once covered in foilsthout compression, and once compacted and pressed
by foils. However, the agglomeration of NPs was shown in their results. Zhouz4] als¢d

nickel coatings for nanoparticles before adding them into the melt to improve the wettability.
However, submicron sized clusters were detected inside the grains, Als@s not reported

in their study that how they coated nasiped ceramics with a nickel layer, which individually
separately is not a trivial task. Two studies were conducted by Rohatgi¥28glrégarding

the Brownian motion of nanoparticle and the possibility of trapping these particles by the
solidification front. They showed that the Brownian motion of nartapes or low rates of
nanoparticles could be dominant, and there is a critical amount for nanoparticles to be added
in composites. They illustrated that by the addition of nanoparticles in small volume fractions,
they could be trapped and captured bydsidation front due to Brownian motion, while larger
submicron particles are more prone to be moved by solidification front and clustering. Zhang
et al. RO] milled nano silicon carbide powders with Al2014 alloy powders to improve their
wettability within the liquid alloy. They reported an improvement in stitenghile provided
microstructures which showed agglomeration of NPs in the metal matrix. A distinct study was
reported 12], in which a liquid MdZn matrix was reinforced by SiC nanoparticles. They
dispersed 1%. vol NPs in the liquid matrix by using ultrasonic waves, and a high percentage of
matrix alloy was vagrized via an assisting vacuum pump. They achieved a unique and ideal
microstructure. It should be noted that this method is not suitable and applicable to all types of
light metals, as the matrix should be evaporated to some extent. Vishwanatha3pttiaed

to provide an approach that would eliminate ttsadvantages of both contact and-+contact
ultrasonic methods for the dispersion of nanoparticles. For this purpose, a -tgpeact
ultrasonic method was used. Then the liquid mixture was transferred into another chamber with
a bottom pouring system to leence the distribution of nanoparticles using a-ocomntact
ultrasonic method. They provided the microstructures from three methods of 1. Contaet, 2.non
contact and 3. A combination of contact and-gontact types, which showed the inability of
contact ad norrcontact ultrasonic methods for the distribution of raaamic particles in

their metal matrix. It also was observed that while a better dispersion was obtained with the
combination method, an appropriate uniform distribution was not achieved pratieced
nanocomposites. The contamination of the liquid melt because of contact between the probe
tip and the liquid melt was reported to be a severe problem and for trentact ultrasonic
treatment, the acoustic energy to the liquid melt is tratsdiibrough the mould wall and the
drawback of this method is that the processing time is typically too short to achieve complete
deagglomeration. Also, the ultrasonic intensity is very limited on the surface of the melt, and
it is a timeconsuming proces® introduce the nanoparticles into the melt using ultrasonic
vibration.

To the best knowledge of authors, a uniform distribution of nanoparticles has not been
accomplished in AlSi alloys by the mentioned methods, and the reinforcements still have a
relatively poor wettability and a high tendency to cluster propagated by the presedédan
Waals forces.
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A356 is a hypoeutectic ABi alloy, consisting of plate i ke eut e c t-aluminigm | i
primary phase dendrites. To improve the mechanical piepast these alloys, efforts have
been made to develop aluminium matrix composites (AMCSs) reinforced by ceramic particles.
In Table 1 a summary of related reports for A3based composites is tabulated. It can be
observed that various methods and reinforcement have been applied to reinforce A356 alloy,
and in mosof them, a composite elongation below 10% was obtained. The most critical issue
for these types of AlSi alloys is the brittle platbke eutectic silicon that causes failure during
tensile loading even if an ideal dispersion of nanoparticles can baexhtdn fact, for the
reinforcing of such alloys by NPs, eutectic silicon fragmentation into fine particles (or
modification of eutectic silicon phase) is required in parallel to NPs addition.

con

Table 1

Mechanical properties reported for A356 composites in the literatare.

Materials Reinforcement 5ize and Type Mlanufacruring Method VS [MPa) TS (MPa) Break Femarks Ref
Straln %
Before; Before,” Before,”
after HT after HT after HT
AT56-1 wi % SC Mudlti-sized particles 55-5C followed by ot 1314 jrr: 8 B5/- Metallic carrier was used for a [28:]
exiresion betier wettabiliy
AT56-1 wt % HC 40'nm, nanoparticles 55-Squesre casting followed - 181/ 2T After ulirasonic [27]
by Ulrasonic assistant UTS = 25
Break Straln — 6.2
Using Al powders as a modifier
ATSH-2 wt % SC 40 nm, nanoparticles L5-5C followed by Tz TR 535 Using Al powders as a modifier [28]
Ulirasondc assistant and T
AT56-3 Wit 10-80 nm, nanoparticles LS-elecirmagneric stirring 504 Iz, 1345/ Using in sl method [29]
ZrB+ .05 wisiEr
A3S6-L. 9wt % CNFs DHameeter of 50-200 nm, and L5-nltrasondc vibrathon H25- o 5 - [30]
lengih of 3-12 pm, nanowires followed by exorusion
ASSE L5 wite Cutside § M-40 nm, inside § L5-8C followed b’l.'.l'l'.-r - ~SETT - - [31]
AMWOCNT 5-10nm and Ienglh 10-30 nm,
nanotubes
AJSE-1.5wi% DMHameeter af 10-100 nm, carban 55- sfueszs masting 157.7 45 93 - [32]
MWONT nanotubes
AT5H-3 wi% Inlly 30'nm, nanoparticles 55-5C followed by Te - 165 4.7 - [33]
AR5E-1 vol SICp 50-56 pm, pasticles L5-8C with 153 =~ E5T “T5 Using h:fbn.d stirring [34]
Ultrasond: asistant followed
by Té
AR5ES valle SR 10 m, particles L5-8C LDy L0y 4 Using Al powders as a modifier [35]
AT56,/1.5 val3e Al 20 nm, nanoparticles L5-5C TS 5. 1124 Using Al powders as a modifier [3&]
A356,1.5 vl nano 20 nm, nanoparticles LS-5C 7 T 9 - Using Al powders as a modifier 1371
~TiBg
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Table 2
Characteristics of the sam ples fabricated in this study.

Mairix Rednforcement Ballmilling Teme tall milbing Speed ball o powder weight  Semi-Solid Stiming Semi-Solid Stiring Liquid-state Sirring Liquid-sate Stiming Hot-Holling, Tem
(L1} (pm) ma Time (min} Tem ("€} Time (min) Tem ('3 “o

AT T (15180, M z0 a1 & &00 2 w80 ]

(4801520 Lk
A3E6 Mi {155y M 0 &1 & 600 2 &80

In this study, A356 based nanocomposites were pedpay solidstate modification of NPs

using nickel and titanium as modifiers dfet NPs, then stir casting process in two steps,

foll owed by hot rol |l ing -Gi€l RPs withm thes mairid gnd t h e ¢
associated physical effects.

2. Experimental procedures

2.1.Preparation of reinforcing phase

The reinforcement for thiabrication of the A5 ased MMNCs was 1 wt % Si
average particl e si z-Resaeafch NafloMatemal ©ob Tha bemettdf f r o1
the selection of SIC NPs is their higher thermal conductivity and modulus compared to
Al>03 NPs, for exarple. Besides, the relative density of SiC is closer to that of aluminium
compared with alumina. Nickel and titanium (Shanghai Dinghan Chemical Co., Ltd. China) as

the modifier agents were used to improve the dispersion of nanopatrticles in the A356 matrix.

The reason for using them as the modifier for the deagglomeration of nanoparticles was
reported elsewher@§]. For this purpose, a Fritsch Pulverisette P5 planetary ball mill was used
under high purity (99.99%) argon gas. Details of the-imdling process are given ifable 2

In the semisolid metal,a high viscosity fluid can mechanically trap composite powders,
including NPs in which case mechanical mixing can improve the mixing of composite powders

in the composite. It should be mentioned that the mechanical shearing used for solidification
procesgig in traditional metal matrix composites (with microparticles) does not work for
submicron and nanosized particles, as the shearing force generated by the mechanical stirring
decays rapidly and become too weak to separate the nanoparticles. This iarg prason

why the solidstate modification of NPs before powsejection to the melt was examined in

this study.

2.2.Preparation of the bulk composite
Bulk MMNCs were manufactured using an injection of the prepared composite powders into
molten A356 alminum alloy under high purity (99.999%) argon gas atmosphere. A356 alloy

contains around 7 wt% silicon that suppressete
aluminum and the SiC NPs, and it prevents the formation 43sAbrittle compound) at the

particlemat ri x interface below 700 AC. After the
cooled to 600 AC, corresponding to acal®. 3 so
softwarep?] . At 600 AC, severe oxidation and burr
Mg chips as a wetting agent, peged by machining, were added and stirring of the-sefid

alloy (using a ceramic coated stainlsss e e | i mpeller) at 400 rpm w

heated powders (pflee at i ng was done at 350 AC for 120
the moistureand impurities) along with Mg chips were added to the uniformly formed vortex
over a period of approximately 6 min to inc
' iquid aluminum alloy. Stirri ngplidemnddgionsand pped
the melt temperature was increased to 680 A
previously P6,59] that the semsgolid condition is not enough for the required interaction of Ti

and Ni with the melt such that a suitable releasing of the NPs did not occur. Thereforet the mel
was stirred at 680 AC f or an -selid statedfor 2higher n a f t

r

C
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release of the NPs. After the completion of the stir casting process, the bottom valve was
opened, and the melt was guided to a mould at room temperbfiwasamples produced by
two-step stir casting were then prepared for the HR proE&ssl shows the schematic of the
manufacturing process of bulk MMNCs, which was in this study.

HIGH ENERGY
BALL MILLING

SHEAR FRACTURE

l \ COLD WELDWNG ]
] \NEAY»W/
Y e e ®
Metallic carrier ‘ &
|
- SIC particles
[DUCTILE FLATTENING|

Step 2: Start of Incorporation : i
Step 1: Fabrication of ball-milled 4 g Step 3: End of Incorporation
composite powders
u <
,n AR
o
>
After Heating vé
5 min to 680 °C
iy
Step 4: End of sa;I_-solid stirring Step 5: Start of Il(;uld-s!alo stirring Step 6: End of stirring and casti
o.0
o o
4 ]
o o
° o
° -]
Step 7: Hot-Rolling of as-cast nanocomposites Step8: Tensile Test
at 500 °C

Fig. L Schematic of the manufacturing process implemented for this study.

2.3.Material characterization

Microstructure characterions were performed using a field emission scanning electron
microscope (FES E M, Mira 3, Tescan), operating at 10
energydispersive Xray spectrometer (EDS). For SEM study, the samples were ground,
polished,andetclde wi t h Kel |l er' s reagen8m(HED, mhnwakte
Fractography was studied using a scanning electron microscope (SEM, Vega, Tescan, Electron
Optic Services).

The phase composition, NP dispersion, and their interaction with dislogatiere studied

with a transmission electron microscope (TEM,3JEM 00, Jeol ), operating
for TEM analyses were prepared by sifecific Ga focused ion beam milling process (FIB,

450S, FEI).

The tensile tests were performed at roomgerature using a uniaxial tensile universal testing
machine (Model 5982, I nstron) of 100 kN opel
di spl acement , wi t h an i" h Fot this purpcasd, platé tensile at e
Speci mens mmpgaude leagth w&e pBepared by the ASHBM standard and three
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repetitions. The YS (yield strength), UTS (ultimate tensile strength), and ductility (percent
elongation to break) were measured.

3. Results and discussion

As described, solidtate modification of NPs using Ti and Ni metallic powders that effectively
caused NPs breaking up due to repeated collisions between balls and powders and then semi
solid stirring at low temperature has soatvantages as a suitable combined method for NPs
dispersion within the melEig. 2 Fig. 3show the microstructure f onanocomposites
containing Ti and Ni as the modifier agents, respectively, indicating that following-ktpiiel
stirring after semsolid stirring is a suitable complementary process that can complete gradual
releasing of NPs. The formation of isolatbohary, and ternary SiC NPs after modification and
their mechanical bonding with Ti and Ni without any reaction occurrét&®d could provide
adequate wettability with the molten aluminium, and ensures their proper distribution by
gradual releasing in the melt. Suitable dispersion of NPs within the grains with no observed
segregation on grain boundaries can be eoesefFig. 2 Fig. 3a, b) for the two samples;
additionally, no Ni segregation on the grain boundargg. (3c) was detected. Detection of
many binary and ternary (or more) NIs ascast microstructure after their sckthte
modification indicated that even intensive mechanical collisions of heavy balls cannot
completely deagglomerate them, while it seems that using of a suitable metallic modifier
followed by semisolid and tha liquid-state stirring can be an appropriate method for MMNCs
manufacturing with uniform reinforcement distribution.
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Fig. 4shows a schematic of processes that occurred for the samples during stirring and
solidification. It has been observed that the final microstructure of the developed A356 alloy
consists of lamellar and flakike Si plates embeddedinh €Al matrix without any tendency
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for segregation along the grain boundaries. Also, it can be observed that the interaction of Ti
and Ni with aluminium melt (exothermic reaction) caused gradual releasing of NPs, resulting
in their final engulfment andispersion inside the grains.
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Fig. 4 Schematic of the microstructures obtained after solidification in this study.
Since Brownian motion can be considered as a mechanism that retards the movement of NPs,
it seems that it will enhance the capture of Mghe solidification front and improve their
dispersion, therefore improving the chances of achieving Orowan strengthening. According to
the Orowan mechanism, dislocation bowing is necessary for dislocations to bypass NPs. This
motion of fine NPs can progde a considerable random movement that interrupts the settling
behaviour of a particle and it has been reported that this motion will be considerable by
decreasing the averagp. size of NPs below 100

After casting, the HR process was applied to remove porosity, and related microstructure is
shown inFig. 2 Fig. 3a. Also, this process was applied to change the morphology and shape

of flake-like eutectic silicon and makine fragmented silicon particleBig. 5 Fig. 6show

SEM micrographs after the HR process, where we can observﬁrimﬁn partlcles between

1 and 4 em were obtained after the HR proce:
coarse NPs with a lower interparticle distance was obtained for the sample in which Ni was
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used as the modifier. To the best knowledgauthors, this suitable dispersion of NPs shown

in Fig. Gais among the best ones in aluminium matrix nanocomposites. It should be noted that
theinterparticle di stance of an ideal MMNCs reinf
lower than as obtained in this study, indicating that the manufacturing etpdr$tribution

of nanoparticles in the MMNCs is complicated.
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showing (a) overview TEM image of Siafyments in matrix, (b) dispersion of NPs

around fragmented silicon particles, and (c) distribution and overall NPs dispersion in
matrix.

=
.(4.';

The interaction between dislocations, controlling the mechanical properties of the investigated
material, and the filg dispersed nanoparticles, are presenteBign 8 showirg results
obtained in three different areas. Several important conclusions can be drawn from these
nanostructures: first, dislocation interact with NPs, and bowing mechanism occurred for fine
SiC NPs, while no interaction of dislocations with coarse NPsabkaerved; Second, in some
parts dislocation loops were observed; Third, the interaction of fine NPs with dislocation in
this area was considerable. Fréig. 7we can conclude that this investigated area is close to
grain boundary as much silicon fragmentation was present. In this aspect, the NPs and
dislocationinteraction, combined with the bowing of dislocations, suggests that the presence
of fine NPs can reduce and affect dislocation-ppeat grain boundaries. It should be
mentioned that a negligible grain refinement was observed after casting of nandtesnpos
(seeSupplementary Figs. S1, S2, and 88d basedn this interaction that was shownhkiug.

8, it can be dedced that the Orowan mechanism could be the main strengthening mechanism
for the produced samples.
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? Dislocation-Fine nanoparticle
interaction

Fig. 8 BF-TEM micrograph of Nil Wt. % SiGp2s sample showing interaction of
dislocations with fine SiC NPs at various areas.

Based on the study by Xu a&l. [60], more NP capture during solidification can ocathen a

coresshell nanoparticle, including a metallic core and ceramic shell face (SF). Following this
report, some of the researchers in previous stu881,62] tried to show the effect of metallic

carriers (modifiers) on the Hamaker constant of ceramic NPs during solidification in
aluminium matrix nanocompositdsig. 9presents a TEM micrograph of an individual SiC NP
embedded in an aluminium matrix as well as results of corresponding EDS analysis, excluding

Ni presence aroundlP, suggesting cosshell structure after bathilling might disappear

during stirring and solidification due to a high interaction tendency of nickel and exothermic
reaction with al umi B9.Therefer& B eems that puread\NPs fatiBgd A C
the SF and Brownian motion might be the important reésotie capturing of NPs.

\

2

Fig. 9 a) TEM micrograph of a fine NP within aluminium matrix for-Niwt. %
SiCp2ssampled e nt i f-$i@& and @)corresponding EDS spectra.
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As mentioned foifable 1 many researchers tried to improve the mechanical properties
(strengthductility tradeoff) of A356 aluminium alloy. For this purpose, it was found that the
morphology of eutectic silicon is the main prerequisite for stredgthility tradeoff. A
comparison between microstructures of MMNCs after HR and before HR (coRigateFig.

6a withFig. 2 Fig. 3a) show that the HR process as a severe plastic deformation technique
completely fragmented the eutectic sikicphase into fine silicon particles and disperse them

in the matrix. After this modification, the nascale reinforcing of the matrix based on the
Orowan mechanism can be the second step for improving the mechanical properties. For this
purpose, detachmeonf NPs from their initial condition and dispersing them in a matrix of Ni

and Ti in solidstate was performed in this study. The gradual releasing of the NP from the Ni
and Ti modifiers during stirring was discussed, and considerable interaction bifffgeith
dislocations was observebable 3 as well afig. 10 Fig. 11summarize the tensile behavior

of the reinforced and unreinforced samples and update of stréadility trade-off dilemma

for A356 aluminum alloy. Unreinforced alloy after HR has a considerable combination of
ductility and strength compared to many reported valudslie 1due to fragmentation of
eutectic silicon. After composite manufacturing, three changes occurred for A356 alloy. First,
the additiono f 1 wt % Mg as the wetting agent . Se
(separately), and third, suitable dispersion of SiC NPs inside the grains. Based on the literature
[63,64], the addition of Mg, Ti, and Ni is not negligible on the strength of A356 alloy, especially
after the T6 process. However, more than 77% and 70% increase in MMNCs for the UTS and
elongation tdfailure, respectively, by using Ni as the modifier of NPs is emanated from well
dispersion of NPs and their interaction with dislocations for avoiding dislocatiomupile
supporting Orowan strengthening mechanism. Hroqm 2, Fig. S, it can be deduced that the
number of binary, ternary, and clusters of NPs inidh nanocomposite is higher than that of

the other nanmmposite. It was reported in the literatu|[that ata temperature above
650 AC Ti, due to its tendency for oxidatioc
compared to Ni. Therefore, better performance of Ni as the modifier would be expected in the
second step of stirring at liqu&tate. It should baoted that some sparks were observed for
Ni-ri ch samples during stirring at the second
interaction of modifiers with the melt will lead to more heat release. Therefore, a higher amount
of NPs releasingan occur, affecting the performance of the modifier. It was obtained that the
Ti-rich sample had a considerable improvement in mechanical properties compared with the
unreinforced sample, while its UTS and elongation to failure were lower than thehNi
samples.

Table 3

The mechanical properties of the samples after the rolling process.
Samples UTS (8Pa) Break Stralm (9] Y5 (MPa)
Unreinforesd A354 214°% a6, 149°35
It % T-1wt. % 510, .1 128707 H0d S

3wt e MI-1wi. %6 510, JHO°S [0 Ry P
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Fig. 11 Comparisons between the present tensile properties of A356 aluminium alloys
fabricated using alloying, grain refining, composites, ECAP procésf folling

process46,66] and special casting proce29/43,66].

Very recently, researcher§d,67] reported strengtiuctility tradeoff for A356 aluminum
alloy. Some impressive results were obtained in their study. Zhang ef5hluged a

complicated multistep process, including four passes of equal channel angular pressing

(ECAP) process with intermediate héagatment for the first step. Then after the T6 process,

80% cryerolling processwaa ppl i ed, and more t han

480

to failure were obtained. Dang et &6[ applied rapid solidification (96K/s) followed by pest
heat treatment process and subsequent-solidion treatment and quenching and finally,

artificial aging for obtaining nansized eutectic silicon particles Mo r e

and 21% elongation to failure were obtained after these steps, indicating the importance of Si
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particle size and dispersion in the matrix. The interaction of dislocations withsizath
silicon particles was shown in their syutHowever Table 3andFig. 10show that without any
heattreatment process, a considerable combination of UTS lamdjagion to failure was
obtained in our study, indicating that if SIC NPs with a much higher Young modulus than Si is
suitably dispersed in the matrix, then without any-esttment process, a trad# of strength

and ductility can be obtained. This ¢aused by the ceramic NPs acting as the barrier of
dislocation movement. In fact, by simultaneous improvement of strength (by avoiding easy
glide of dislocations), and ductility (by avoiding dislocation qifgand stress accumulation at
grain boundarieghe traditional concept of strength improvement that normally will lead to a
reduction in elongation to failure will be overcome.

SEM micrographs of the fracture surface of the nanocomposite samples are presgigted in
12 More equiaxed dimples with a higher density were obtained foicNisamples compared

with Ti-rich nanocomposite. Moreover, smaller and shallower dimples were revealed for Ti
rich nanocomposite. Silicon and NP cluster debonding and fracture resulted in lower matrix
deformation and formation of more small and shallow dimples.

- SEM WAG: 300 ke
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In the future, we will optimize the bathilling process for modification of NPs to reduce the
number of binary and ternary NP clusters. Using a lower aveiagéor NPs could likely lead
to even higher interaction with dislocations, improving the mechanical properties even further.

4. Conclusions

In this study, soliestate modification of aseceived NPs was implemented utilizing ball
milling with Ni and Tias surface modifiers. The composite powders with a matrix of Ni and
Ti (separately) were added to the sewlid melt of A356 aluminium alloy. The stirring of the
slurry was conducted in the sesulid melt, followed by a stop for heating the slurry, dreht

in liquid-state stirring was continueéinally, nanocomposite sheets were obtained by HR
process. From the obtained results, the following conclusions can be drawn:

1. A suitable dispersion of fine and coarse NPs inside the grains was obtained after
solidification and HR, especially for Mich samples.

2. This suitable dispersion caused a considerable interaction of fine NPs with
dislocations, and dislocation bowing was detected and shown.

3. With improved microstructure, a suitable combination of strengtidantility
(380 MPa for UTS and 16.4% el ongation
rich samples compared to previous reports.

4. No Ni was detected around an individual fine SiC NP showing that Ni modifier
interacted with melt during stirring, and they wamet effective on the
solidification process of NPs.
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