MATEPUAJTOBEJEHUE

ISSN: 0368-0797. Izvestiya VUZov. Chernaya Metallurgiya = Izvestiya. Ferrous Metallurgy. 2017. Vol. 60. No. 11, pp. 897-903.

© 2017. K.B. Borodyanskiy, M.1. Zinigrad, L.1. Leont’ev

VK 669.017

STUDY OF ALLOYS MODIFICATION BY NANOMATERIALS

K.B. Borodyanskiy', Ph.D. (konstantinb@ariel.ac.il)
ML.I. Zinigrad', Dr. Sci. (Physical Chemistry), Professor, Rector
L.I. Leont’ev*3-*, Dr. Sci. (Eng.), Professor, Academician, Adviser

of the Russian Academy of Sciences, Chief Researcher

! Ariel University
(40700, Ariel, Israel)
2Scientific Council on Metallurgy and Metal Science of Russian Academy of Sciences
(Department of Chemistry and Material Sciences)
(119991, Russia, Moscow, Leninskii prosp., 32a)
3 Baikov Institute of Metallurgy and Materials Science, RAS
(119334, Russia, Moscow, Leninskii prosp., 49)
4National University of Science and Technology “MISIS” (MISIS), Moscow, Russia
(119049, Russia, Moscow, Leninskii prosp., 4)

Abstract. In last years, improvement of metals mechanical properties and performance comes to be one of the main challenges in materials science and

particularly in metallurgical manufacturing. Generally, an alloying process is traditionally applied to reach metals enhanced properties and perfor-
mance. Recently, nanotechnology approach is also applied, usually to produce composite materials with improved performance. This work, however,
describes a different technique, where different nanoparticles areused as modifiers in metal casting process. The influence of these nanomaterials
was investigated on a hypoeutectic casting aluminum alloy and on pure copper. Microstructural evaluation of modified Al alloy illustrated that a
coarse Al grains were refined. Tensile strength tests revealed that Al ductility improved while the strength remained unchanged. Particularly, results
pointed that addition of up to 0.1 wt. % of ceramic nanoparticles enhanced metals elongation at fracture by 20 — 60 %, depending on the mold lo-
cation. Strengthening mechanism, which took place in the process, was evaluated by applying a high resolution transmission electron microscopy
(HR-TEM) studies. HR-TEM investigations, jointly with mechanical properties test results, led to hypothesis that a grain-size strengthening mecha-
nism works in the process. In this mechanism metal strengthening occurs due to a high concentration of grain boundaries which are serving as dislo-
cation movement blockers. Results obtained on copper modification showed the improvement of metal strength simultaneously with its elongation
at fracture. This behavior was obtained after addition of multi walled carbon nanotubes (MWCNT) and TiN nanoparticles up to 0.1 wt. %. Further

application of the described approach can lead to its implementation into foundry industry turning it to more economically beneficial.
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One of the main tasks in current metallurgy process-
es is materials obtaining with required properties. Typi-
cally, advanced mechanical properties can be conventio-
nally reached by alloying process, where some chemical
compounds are added to affect the chemical composition
of the formed material. Addition of a high concentration
of costly materials makes the process economically non-
favorable.

Aluminum alloys are a key class of metals which is used
often in various industrial applications such as automotive
or aerospace. Al alloys have advanced properties, such as
good thermal and electrical conductivity and low density
which is only one third of steel [1]. Unfortunately, these
alloys show relatively low mechanical properties matched
to those of steel.

Al-Si cast alloys are of the most interested alloys in
aluminum foundry. These alloys have a good castability,
and mechanical and physical properties. Generally, Al—Si
A356 alloy mechanical properties improves by basic al-
loying method [2 — 7] using master alloys or by apply-

ing ultrasound during solidification [8 — 10]. Other works
show the addition of TiB, particles, which serve as a so-
lidification nucleates, causes refinement of the metallic
grains [11, 12]. Relatively small additions of Sr and Na into
Al-Si cast alloys improve the formation of refined eutectic
phase [13, 14]. Other works showed A356 alloy modifica-
tion by rear-earth metals, such as Er, La and Ce [15, 16].
Semi-Solid Metal processing (SSM) is other technology
for Al alloys strengthening. Using SSM method, metals
strengths as a result of the dispersion of the non-metallic
particles into the melt [18, 19].

Nanoscience approach has become a prevalent study
topic in last two decades. It would be rational to assume that
nanomaterials in the formed metal would cause to different
changes in the mechanical properties. Unfortunately, the in-
fluence of nanoparticles addition to metallic materials has
not been carefully studied yet, but some works described
A356 alloy mechanical properties improvement by addition
of AL, O, or TiB, nanoparticles through the casting process
[20, 21].
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Copper production as well as aluminum depends to non-
ferrous metallurgy. Therefore, their physical behavior is
close to each other. In some works it mentioned that copper
can be modified by nanomaterials and its strength improves
through the grain boundary mechanism [22 — 24].

In current research work we present different nanoma-
terials influence to the formation of Al—Si alloy as well as
copper, and as the result to their mechanical properties.

Results and Discussion

WC nanoparticles application
in metallurgical process

Tungsten carbide (WC) used in the research due to its
progressive properties such as superior hardness and modu-
lus of elasticity, high melting point, and outstanding wear
and corrosion resistances. Lekatou et.al [25] described that
WC nanoparticles can be applied in Al strengthening tech-
nique in a relatively small quantity of Al. Unfortunately,
WC has low wettability by aluminum alloys. The possi-
ble solution to this issue was reported by Chattopadhyay
et.al [26]; the researchers solved the problem by various
treatment methods. In our work an alternative approach
will be suggested; a modification process by hot extrusion
method.

The experimental work was conducted using a commer-
cial Al A356 hypoeutectic Al-Si cast alloy. WC nanopar-
ticles with a crystallite size of 40 — 70 nm were mecha-
nochemically treated with aluminum powder in planetary
ball mill Retsch GmbH PM 100. The obtained mixture
undergoes hot-extrusion special home-made equipment at
350 °C.

During the process the oxide layer on the nanoparticles
surface disappeared because of relatively high compressive
forces [27]. The final product is a modifier which in a form
of rod containing a mixture of Al powder and WC nanopar-
ticles. Electron microscope image of the obtained modifier
is presented in Fig. 1.

Fig. 1. A modifier containing WC nanoparticles, top view

Puc. 1. Momuduxarop conepsxur WC, BuJ cBEpXY
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Industrial experiments were conducted using a 100 kg
portion of Al A356 alloy ingots which were melted and
overheated up to 760 °C. The melt was treated by typical
industrial methods, and then, a modifier was added to the
melt and stirred for 10 min using FDU rotor without gas
addition. Here 0.03 wt. % of WC nanoparticles out of the
total Al mass was added. Then, the melt was poured into
a sand mold (Fig. 2). Finally, all specimens were subjected
to T6 heat treatment.

The mechanical properties were performed by Instron
3369 testing machine according to ASTM B 108-01. Two
specimens of modified and non-modified alloys were cut
from the center and two from the perimeter of three dif-
ferent modified parts. Then they were T6 heat treated and
subjected to tensile test which are presented in Table 1.

Obtained results indicate that nanoparticles addition into
the melt improve metals’ ductility by 30 and 60 % in peri-
meter and in central part of the mold, respectively. Simul-
taneously, tensile and yield strengths remained unchanged.
These results show an unusual behavior, where the ductility
growths while the strength remains unchanged.

The microstructural evaluation of the alloys was ana-
lyzed as well. Optical micrographs of the alloys are pre-
sented in Fig. 3.

Fig. 3 micrographs evaluate that the microstructure
became finer and the number of pores (black dots on the
microstructures) reduces after modification process. Addi-
tionally, the coarse elongated a-Al grains were refined into a
fine equiaxed grains with eutectic Si network around them.

A
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Fig. 2. Casting industrial sand mold used in the work

Puc. 2. IIpoMsbliieHHas iuTeliHas necuanas gpopma,
HCIoNb3yeMasi B paboTe
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Table 1

Mechanical properties of A356 alloy subjected to modification by WC nanoparticles

Tabauya 1. Mexann4eckue cBoiicTBa cniapa A356, monuduuuposannoro Hanouactunamu WC

Tensile Strength [MPa] | Yield Strength [MPa] | Elongation [%]
Before modification 277.5+1.1 2267+ 1.8 2.8+0.1
Mold center
After modification 284.8+09 226.7+1.6 46+03
Before modification 303.5+13.1 231.8+3.6 6.5+1.8
Mold perimeter
After modification 307.3+7.6 2303 +4.4 8.6+0.8

: ;S_i- particle
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Fig. 3. Optical micrographs of (¢) non-modified and (b) subjected to modification by WC nanoparticles Al A356 alloy

Puc. 3. MukpocTpyKTypa aTlOMHHHEBOTO criaBa A356:
a — no moaudukanuu, b — MmorupuIMpoBaHHOrO HaHOYacTuaMu WC

TiC nanoparticles application
in metallurgical process

The experimental work performed by preparation and
addition of titanium carbide (TiC) nanoparticles was similar
to the discussed above (addition of the WC nanoparticles)
pragraph. A hot extrusion process of modifier preparation
and pouring processes were similar as well.

The experimental work was conducted using the com-
mercial A356 hypoeutectic Al-Si cast alloy. TiC nanopar-
ticles (20 nm) were mechanochemically treated with alu-
minum powder in planetary ball mill by Retsch GmbH

PM 100. The obtained mixture undergoes hot-extrusion
special home-made equipment at 350 °C.

The mechanical properties were performed by Instron
3369 testing machine according to ASTM B 108-01. Two
specimens of modified and non-modified alloys were cut
from the center and two from the perimeter of three dif-
ferent modified parts. Then they were T6 heat treated and
subjected to tensile test which are presented in Table 2.

Obtained results indicate that nanoparticles addition
into the melt improve metals’ ductility by 20 and 50 % in
the mold perimeter and in the central part of the mold, re-

Table 2

Mechanical properties of A356 alloy subjected to modification by TiC nanoparticles

Tabnuya 2. Mexanu4yeckue cBoiicTBa cniaasa A356, momuduuupoBannoro Hanoyacrunamu TiC

Tensile Strength [MPa] | Yield Strength [MPa] | Elongation [%]
Before modification 268.3 225.0 1.9
Mold center - -
After modification 280.9+1.0 221.7+4.0 3.8+0.7
. Before modification 311.0 233.0 6.5
Mold perimeter - -
After modification 3104 £3.1 226.9+2.2 9.0+1.3
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spectively. Simultaneously, tensile and yield strengths re-
mained unchanged.

Fractographs evaluation of the alloys was analyzed as well.
Electron microstructures of the alloys are presented in Fig. 4.

Modified alloy fractographs demonstrate ductile to brit-
tle fracture. On the modified alloy (Fig. 4, ») more dimples
are presented which is an indicator of a ductile fracture.
Lee et.al also reported the same behavior where the metals’
elongation improved by the ductile fracture [28].

The strengthening mechanism was studied by HR-TEM
technique. In this work HR-TEM JEOL JEM 2010 was ap-
plied.

The obtained images are shown in Fig. 5. Here a high
concentration of dislocations found across the grain bound-
ary (Fig. 5, a); simultaneously Ti inclusions which are
originated from TiC nanoparticles found into Al grain
(Fig. 5. b).

As deriving, a large concentration of dislocations is ob-
served near the grain boundaries in the modified alloy. In
addition, ceramic nanoparticles were found into aluminum
grains. Obviously that nanoparticles act as nucleation ac-
celerators during solidification process and cause to the for-
mation of a fine-grained microstructure. As the result, the
alloys’ mechanical properties are improved. Based on both,

Fig. 4. Scanning electron microscopy fractographs of () non-modified and (b) subjected to modification by TiC nanoparticles Al A356 alloy

Puc. 4. COM muxpodororpaduu n3ioMa aTloOMIHAEBOTO cIaBa A356:
a — 1o Mmonudukanyu, b — mogupupoBanHoro Hanodactuuamu TiC

Grain boundary

Fig. 5. HR-TEM images of modified A356 alloy by TiC nanoparticles:
a — grain boundary; b — Al grain

Puc. 5. Crpykrypa cmnaBa A356, momuduuposanaoro Hanodactunamu TiC, nomyderHas ¢ momomisto HR-TEM:
a — rpaHuIa 3epHa, b — 3epHO aTIOMUHUS
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the mechanical properties results and the microstructure in-
vestigations, it was assumed that a grain boundary mecha-
nism is responsible for the modification process.

Copper modification by various nanomaterials

In this section we show our experimental work ob-
tained on pure copper using various nanomaterials name-
ly, multi walled carbon nanotubes (MWCNT) and TiN
nanoparticles.

The experimental work was conducted using pure
copper rods CWO004A. TiN nanoparticles with a crystal-
lite size of 10 — 20 nm and MWCNT with an outer dia-
meter of 30 — 50 nm, length of 10 — 20 um and purity of
>95 wt. % were used in the research. These nanomaterials
were mechanochemically treated with aluminum powder
in planetary ball mill Retsch GmbH PM 100. The ob-
tained mixture undergoes a cold pressing by a pressure
of 18 GPa.

The mechanical properties were performed by Lloyd EZ50
universal testing machine according to ASTM B 108-01.
The obtained results are presented in Table 3.

The behavior of obtained tensile tests is described on the
stress-strain graph presented in Fig. 6.

As it is seen from the obtained results, mechanical pro-
perties of copper can be improved by addition of ceramic
TiN nanoparticles as well as MWCNT. Both nanomateri-
als show improvement of tensile strength around 30 %; the
yield strength improved by 13 and 47 % adding MWCNT
and TiN, respectively. Ductility of a modified alloys im-
proved by 60 and 35 % after addition of MWCNT and TiN
nanoparticles, respectively.

Summary. The presented work showed the novel meth-
od of nanotechnology application into traditional metal-
lurgical processes. The effect of modification by specially
prepared ceramic nanoparticles on Al—Si casting alloy, and
ceramic nanoparticles and MWCNTs on copper were de-
scribed. The following results were obtained:

e Addition of ceramic nanoparticles to the Al—Si casting
alloy improved the ductility of the metal by 20 and 60 % in
different mold areas while the tensile and the yield strengths
of the alloy remained unaffected.

e The strengthening mechanism was studied in the
work as well. It was found that ceramic nanoparticles act
as nucleates during the crystallization process and do not
change phase composition. The grain boundaries stop the
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Fig. 6. Stress-strain graph of pure copper subjected to modification by
various nanomaterials:
1 — unmodified; 2 - MWCNT modification; 3 — TiN nanoparticles
modification

Puc. 6. /luarpamma pacTsKeHHsl UHCTOH MeH, MOAU(PHUIIMPOBAHHON
pa3IuYHBIME HAHOYACTUIIAMHU:
1 — 6e3 mogudukanny; 2 — MoaN(UKALUS MHOTOCIONHBIMU YIJICPOIHBI-
mu HaHoTpyOkamu (MWCNT); 3 — moaudukanms
Ha"oyactuuamu TiN

dislocation motion and, as a result a grain-size strengthen-
ing mechanism works in the process.

e Addition of MWCNT and TiN nanoparticles improved
the strength and the ductility of copper by 30 —40 and
35 — 60 % simultaneously.
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Annomayusa. B mocnennue roasl yaydlieHUE MEXaHHUYECKUX CBOUCTB

902

U XapaKTePUCTHK METAJUIOB SBJISETCS OAHOW M3 OCHOBHBIX MPOO-
JeM B MaTEepPHANOBEACHHH U, OCOOCHHO, B METAJTyprUYECKOM
npousBoacTBe. Kak mpaBuio, Ipouecc JErHPOBaHHS Tpalu-
LIOHHO HCIIONB3YeTCS AJIS YIyUIICHHs CBONCTB M XapaKTEPUCTUK
MeTaJuIoB. B mociennee BpeMs JUis POU3BOJACTBA KOMITO3UTHBIX
MaTepHajoB C yIyIUICHHBIMHI CBOHCTBAMH MPUMEHSECTCSI HAHOTEX-
Hoorudeckuit moxgxon. OgHako JaHHas paboTa OMMCHIBACT JpPY-
roif METoI, B KOTOPOM pa3iHYHbIC HAHOYACTHIBI MCIONB3YIOTCS
B KayecTBEe MOAM(UKATOPOB B Mpolecce JUThs MeTaia. Biuns-
HHE 3THX HAaHOMATEPHAaJIOB MCCICIOBAHO HA TMIO3BTEKTHYECKOM
JUTEHHOM QJIIOMHHHEBOM CIUIaBe W YHCTOH Meau. VcmblTaHus
Ha MPOYHOCTh M HA PACTSHKCHHE MOKA3ajlH, YTO IIACTHYHOCTH
QIIOMHHUS YJIyYIINIach, a MPOYHOCTh OCTajlach HEM3MEHHOH. B
yactHOCTH, nobasienue 1o 0,1 % (mo macce) KepaMMYECKUX Ha-
HOYACTHIl yBEIMYMBACT YUIMHCHHE METAJJIOB IPH paspyLICHUU

Ha 20 — 60 %. MexaHu3M ynpouHEHHMs, IPEUIOKESHHBIN ISl TOTO
npoiecca, OblI OLEHEH IIyTeM NPUMEHEHHS JIEKTPOHHON MUKpO-
CKOIMM C BBICOKOH pasperatonieid crnocobHocteio (HR-TEM).
Uccnenoanus HR-TEM, BMecTe ¢ pe3ynbraTaMu UCIIBITAHUH Me-
XaHWYECKUX CBOICTB, IPUBEIH K THIIOTE3€ O TOM, YTO B ATOM IIPO-
necce paboTaetT MeXaHU3M YIPOYHEHUS 3epHa. B aToM Mexanuzme
YIpOYHEHHE MeTala MPOUCXOIUT M3-32 BBICOKON KOHIEHTPALUU
IPaHUI] 3€pPEH, KOTOPhIC OJIOKUPYIOT IBMIXKCHHE JHCIOKaiuii. Pe-
3yJIBTAThI, OJNyYSHHbIC TP MOAU(DUKALIMY MEIH, TIOKA3aIN YIIyd-
LIEHHE MPOYHOCTH MeTajjla OJHOBPEMEHHO C IJIACTHYHOCTBIO.
Takoe moBefaeHHE OBLIO TMONYYEHO TMOCHE JA00aBICHUS MHOIO-
CIONHBIX yriuepogHbx HaHoTpyook (MWCNT) n nanovactur TiN
10 0,1 % (o macce). JlanpHeiinee npuMeHeHHE ONMCAHHOTO MO/~
X0Jla MOXKET MPUBECTH K €r0 BHEJIPEHHUIO B JUTCHHYIO IPOMBIII-
JICHHOCTB, IPEBPATHB €€ B IKOHOMUYECKHU BBITOIHYIO.

Knrouesvle cnosa: HaHoMarepualbl, MOHI/I(I]I/IKaHI/IH, JIUTCHHBIC CIIJIaBhbI,

MCXaHHUYCCKHUEC CBOﬁCTBa, MCEXaHU3M YIIPOYHCHUS.
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