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INFLUENCE OF CARBON NANOPARTICLE INOCULATION
ON THE STRUCTURE OF ML5 CASTING MAGNESIUM ALLOY

The object of this study is to investigate the structure of cast magnesium alloy (Mg-Al-Zn) inoculated with nano
particles of different allotropic forms of carbon. The aim of this study is to improve the processability and quality
of critical load bearing magnesium alloy part castings. The tasks of the study are: attainment of efficient control
of the alloy structural features by introduction of incremental additions of carbon nano particles; determination
of the relationship between the quantity of the added inoculating carbon agent and « - solid solution grain size;
determination of the influence of allotropic forms of carbon on the morphologic characteristics of the intergran-
ular borders and the eutectoid (a+Mgi7Al12); and comparative analysis of the phase composition of the standard
ML5 alloy and the experimental alloy ML5 inoculated with carbon black, nanographite, and single-wall carbon
nanotubes. The phase composition was determined by X-ray diffraction analysis using copper radiation. Micro
X-ray spectral analysis was performed. The following findings were obtained. Using an optical microscope
a —solid solution grain size was measured in the standard and inoculated alloy. In the samples of the alloy
variants inoculated with 0.1 % wt. of carbon black, nanographite, and single-wall carbon nanotubes, the grain
size was reduced by appox. 50 % compared with the standard alloy. In the samples of the alloy inoculated with
0.1 % wt. of nanographite and single wall carbon nanotubes, eutectoid (a+Mg17Al1.) precipitates along the grain
boundaries were thinner than those in the standard alloy samples and those inoculated with carbon black. X-ray
diffraction analysis revealed no new phase formation. The X-ray diffraction patterns of the alloy samples with
nanographite and nanotubes display weak peaks of free carbon, which may indicate the presence of free carbon
in small quantities in the structure. The scientific and practical originality of the obtained results consists of the
following: a technology of inoculation with incremental additions of allotropic forms of nano carbon, namely car-
bon black, nanographite, and single-wall carbon nanotubes, has been tested on a standard cast magnesium alloy
(Mg-Al-Zn system) in an environment similar to the industrial production of critical magnesium cast components.
It has been shown that the introduction of nanocarbon in a quantity of 0.1 % wt. can have a beneficial effect on the
structural characteristics of ML5 cast magnesium alloy with no change in its phase composition. Nanographite and
single wall carbon nanotubes with a regular structure contribute to the formation of thinner intergranular bound-
aries than amorphous carbon black.

Keywords: cast magnesium alloy; inoculation; grain size; intermetallic phase Mgi7Al12; carbon nanoparticles;
nanographite; single wall carbon nanotubes.

Cast magnesium alloys of Mg-Al-Zn system are
widely used for production of structural parts of aero en-

Introduction

At the present stage of development of the aeronau-
tical industry much efforts is focused on enhancement of
the aircraft performance characteristics through more ex-
tensive utilization of light alloys [1]. In this regard it is
worthwhile to note that Motor Sich JSC medium-term
foundry development program envisions development of
a magnesium casting technology, which guarantees pro-
duction of magnesium castings having high quality sound
wall with the thickness of 3 mm and an overall size of up
to 1000 mm, which should decrease the weight of the cast
components by 10%.

gines and rotorcraft transmission thanks to its low spe-
cific weight p = 1.8-1.9 g/cm?, high specific strength and
good cast ability. However, this group of magnesium al-
loys has a number of drawbacks, such as low temperature
capability (up to 150°C) and susceptibility to formation
of shrinking micro porosity that compromise the mechan-
ical properties [2, 3]. Therefore, at present there is a
pressing need in aeronautical engineering for develop-
ment of new generation light structural magnesium ma-
terials offering increased mechanical properties and tem-
perature capability via a controllable structure.
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Selection of inoculating agent type
and inoculation method

One of the promising techniques of improving the
physical and mechanical properties of the cast high
strength magnesium alloys of Mg-Al-Zn system is carbon
inoculation. Over the last decade much efforts have been
undertaken to develop commercially reliable carbon-based
grain refiner for aluminum bearing magnesium alloys [4].

Among the advantages of using the carbon materi-
als as the grain refinement agent is the absence of con-
tamination of the liquid metal with oxide inclusions and
reaction products as a result of contacting with the liquid
metal, high grain refinement potential, as well as low
waste of metal, reduced energy consumption and melting
crucible wear as compared with the grain refinement by
overheating [5, 6]. Besides, when inoculating with car-
bon a very slow grain refinement fading out is observed
as the melt is held for a prolonged period of time before
pouring [7, 8]. The inoculation of aluminum - bearing al-
loys might also be potentially a highly cost-effective pro-
cess, because carbon grain refiners are added in quite
small quantities (up to 0.1 wt.% of the liquid metal
weight) and belong to a category of inexpensive materials
available on the commercial market (e.g.: carbon black
and various graphite modifications).

However, inoculation of the magnesium alloys with
carbon grain refiners presents certain challenges associated
with the intrinsic poor wettability of carbon and susceptibil-
ity of superfine carbon powders and nano powders for for-
mation of carbon particle agglomerates, which leads to non-
homogeneous distribution of the grain refiner in the melt
with the resulting unsatisfactory grain refinement effect [9].
Therefore, the papers published in the recent years, are fo-
cused predominantly on a search for an optimal way to in-
troduce the carbon inoculants in the Al - containing magne-
sium alloys as well as on gaining a better understanding of
the grain refinement mechanism with carbon [10].

Experimental procedure

The grain refiners were prepared by mixing pre-
weighted portions of carbon black, nanographite and sin-
gle wall carbon nanotubes (SWCNT) with a superfine
high purity aluminum powder in ethyl alcohol. A mean
aluminum particle size measured with magnification of
X500 using Karl Zeiss Axio Observer. DIm optical mi-
croscope is 3.3 micrometers. Upon complete ethyl alco-
hol evaporation the prepared mixtures were uniaxially
pressed into pellets sized dia.30 mm x height 6 mm on a
hydraulic press Q = 40 tons. The SWCNT/AI powder mix
was not subjected to pressing and was introduced into the
melt in bulk wrapped with aluminum foil.

ML5 cast magnesium alloy (Al 7,5-9,0%; Mn 0,15-
0,5%; Zn 0,2-0,8%) was melted in an induction crucible

furnace according to a serial production process using VI-
2 flux (MgCl.38...46% KCI 32...40% BaCl, 5...8% CaF
3...5%). The alloy melting procedure included a standard
inoculation step using magnesite in a quantity of 0.3 - 0.4
wt.% of the charge weight carried out in a holding furnace
at 740°C followed by a refinement step with VI-2 flux.

The preheated inoculants with incremental additions
of carbon black, nano graphite and SWCNT (0 %;
0.030 %; 0.10 wt.%) were introduced into the melt at
760°C. After 5 minutes hold the melt was poured into sand
molds at 720°C with standard tensile test specimens, gauge
@ 12 mm. The cast specimens were subjected to T6 stand-
ard heat treatment. The microstructure was examined on
the prepared sections etched in the following etching
agent: 5.2 ml of acetic acid, 100 ml of ethyl alcohol [11].

In order to define specifics concerning influence of
the inoculation with carbon nanomaterials the samples of
the inoculated ML5 alloy were subjected to an X-ray dif-
fraction analysis (XRD) in copper emission. Also, X-ray
spectroscopic analysis of the samples was carried out us-
ing JEOL IT-300 scanning microscope fitted with an en-
ergy dispersion spectrometer.

The experiment results

The microstructure representsa-solid solution of
aluminum and zinc in magnesium and a.+Mg17Al12 eutec-
toid. Manganese is present in the structure in a form of
small particles of bluish color.

It is worthwhile to note that the precipitates of
a+Mgl7Al12 eutectoid at the grain boundaries in the
specimens inoculated with the nanographite and SWCNT
in a quantity of 0.10 wt.% are found to be finer as com-
pared with the samples cast in standard ML5 alloy and
those inoculated with the carbon black (Figure 2).

The mean grain size was defined based on results of
minimum five measurements in the field of view made
using Carl Zeiss Observer D1m microscope software.
The grain size measurements are presented in Table 1

Note: the numerator indicates the grain size range
in micrometers, the denominator - arithmetical mean
value of the grain size in micrometers.

The X-ray diffraction patterns of the standard ML5
alloy and the inoculated ML5 alloy samples were found,
in general, similar, with no detected new phases.On the
X-ray diffraction patterns of ML5 samples inoculated
with thenanographite and SWCNTweak lines of pure car-
bon were observed, which suggests that small quantities
of free carbonmay be present in the alloy structure.The
inoculation of the alloy with nanographite and SWCNT
resulted in some phase quantitative redistribution (Fig.3
and 4).

The X-ray spectroscopic analysis results are found
to be coherent with the XRD analysis (Fig.5 and Fig. 6).
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Fig. 1. The microstructure of ML5 alloy inoculated
with the carbon nanoparticles (0.01 wt.%) at magnification x100:
a — standard ML5 alloy; b — ML5 alloy inoculated with carbon black;
¢ — ML5 alloy inoculated with nanographite; d — ML5 alloy inoculated with SWCNT

Fig. 2. The microstructure of ML5 alloy inoculated
with carbon nanoparticles (0.01 wt.%) at magnification x500:
a — standard ML5 alloy; b — ML5 alloy inoculated with carbon black;
¢ — MLS5 alloy inoculated with nanographite; d — ML5 alloy inoculated with SWCNT
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Comparative data on the grain size in ML5 alloy

Table 1

Grain refiner

Mean

grain size, pm

No inoculation

Carbon black

Nanographite

SWCNT

0.03%

126...181
142

131...142
137

127...179
149

95...135
115

0.10%

120...155
135

45...93
56

72..92
80

52...60
56

190
180
1703
160
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1103
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Fig. 3.X-ray diffraction pattern of ML5 alloy inoculated with nanographite (A- a-Mg, o - y- Mgi7Al,, O

f

20

g‘
|
|
|
/
i
|
|
}

-C

69,38
i
A | A
58,07 i
lo 0
: ‘J \6521 91,37
Ih‘ 6229" \ "o T
i S ',l\‘Ge"'l 85,17
\ Iy Py iR i ) - /
o Wi el Sty e YA W e M w
O o A e o e I A e
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
20

Fig. 4. X-ray diffraction pattern of ML5 alloy inoculated with SWCNT (A- a-Mg, o - y- Mgi7Ali2, O - C)
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Fig. 5. Electron micrograph of ML5 sample section inoculated with 0.10% SWCNT
with indicated X-ray spectroscopic analysis areas

Table 2
Element content, wt.% according to X-ray spectroscopic analysis
Spectrum name Spectrum 1 | Spectrum 2 | Spectrum3 | Spectrum4 | Spectrum5 | Spectrum 6
Mg 90.82 91.37 89.96 80.39 41.51 91.55
Al 8.70 8.63 9.49 17.30 34.21 8.44
Si 0.20 0.02
Mn 0.11 1.75 22.98
Ni 1.09
Zn 0.48 0.44 0.56
Total 100.00 100.00 100.00 100.00 100.00 100.00
Conclusion who inspired an interest in the research of the carbon in-

Using inoculation of ML5 cast magnesium alloy
with carbon nanoparticles in a quantity of up to 0.1 wt.%
twofold grain size reduction may be achievable.

Inoculation with the carbon nanoparticles, in gen-
eral, leads to no change in a phase composition of ML5
alloy. Inoculation with nanographite and single wall car-
bon nanotubes, however, has resulted in some quantita-
tive phase proportion change.

The inoculation with the powdered carbon nano-
materials is a promising cost-efficient way to improve
mechanical properties of ML5 cast magnesium alloy,
which is attained by controlling the alloy structure. It is
suggested that a series of extended experimental melts of
the alloy be necessary in order to reveal in full the poten-
tial of the technique, which will help mastering the pro-
cess on a commercial scale and collect a comprehensive
statistical data base.
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Fig. 6. X-ray spectroscopic analysis results of ML5 alloy sample inoculated with SWCNT, 0.1 wt.%.
a —electron micrograph (in a back scattered electron mode);
b...e — X-ray spectroscopic analysis results in a mapping mode.
More intense color corresponds to higher element concentration
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BIIJIUB MOJAUPIKYBAHHS BYTVIEHEBUMU HAHOYACTKAMMU HA CTPYKTYPY
JINBAPHOI'O MATHIEBOTI'O CIIVIABY ML5

C. I. Makoecokuii, K. b. Banymok, K. B. O6HocoB,
B. JI. I'pewuma, B. A. Illanomees, /. B. Tkau

IpemmeToM ITOCTiKEHHS Y CTATTI € CTPYKTYpa JINBAPHOTO MarHi€BOro cruiaBy cucremu Mg-Al-Zn, moaudiko-
BaHOI'0 HAHOYACTKAMH PI3HUX AJIOTPOIHHUX (OPM BYIJICI0. METO0 € IMiABUIIEHHS! TEXHOJIOTTYHOCTI 1 SKOCTI MarHi-
€BHX BIJUTMBKIB HABaHTa)XCHHX aBlalliiHUX JeTaliell BiIMOBINAILHOrO MpU3HAYCHHS. 3ajadi: JOCSTHEHHS e()eKTHB-
HOTO YIPAaBJIiHHS CTPYKTYPHHMH XapaKTEPHCTUKAMH CIUIaBY 32 PaXyHOK BBEICHHS IOMIIIOK HAHOYACTOK BYTJIELO;
BU3HAYEHHS 3AJISKHOCTI MK KITBKICTIO JIOIAHOTO BYTIIEIIeBOro MoaudikaTopa Ta po3MipoM 3epHa oL — TBEPOro pa-
CTBOPY; AOCIIKEHHsI BIUITMBY aJOTPOIMHHUX (OPM BYTJIELIO HA MOP(HOIOTHYHI XapaTKEPUCTUKKA MIXK3EPEHHHX MEX 1
erekroiay (0+Mgi7Alr); TmopiBHIOBamBbHE MOCTIKeHHS (ha30BOro CKiIaay cepiitnoro cruiaBy MLS i crumaBy MLS5,
MOM(DIKOBAHOI'O TEXHIYHUM BYTJIEIIEM, HAHOIPa(GUTOM Ta OMHOCTIHHMMH BYTJICLICBUMHU HAHOTpyOkamu. Da3oBuii
COCTaB BU3HAYAIN PEHTTEHOCTPYKTYPHUM METOIOM Y MiHOMY BHUIIPOMiHIOBaHHI. TakoX BUKOPHUCTOBYBAIIN MIKpO-
pertrenocnekTpansHuid anaiiz (PCMA). Otpumani HACTYIHI pe3ylIbTaTH: 33 TOMOMOTOI0 ONITUYHOTO MIiKPOCKOITY
BHU3HAYCHI PO3MIpH 3€pHA 0 — TBEPAWI PO3UMH y MEPBHHHOMY Ta MOAN(IKOBAHOMY CTaHaX. Y 3pa3Kax CIUIaBY, MO-
mugikosanoro 0,1% TeXHIYHOTO BYIJIEN0, HAHOTPa(iTy Ta OAHOCTIHHUX BYIJICIIEBUX HAHOTPYOOK po3Mip 3epHa 3Me-
HIIeHO NpuOIm3HO Ha 50 % B MOpIBHSAHHI 3 NEPBUHHUM BapiaHTOM. Y 3pa3kax, MOAH(IKOBaHUX HaHOrpadiToM i
OJHOCTIHHMMH BYTJIEEBUMHU HaHOTpyOkamu y kinbkocTi 0,10 % 3a Baroro BHIUIEHHS CTPYKTYPHOI CKJIaJOBOI — €B-
Tekroiny (a+Mgi7Al12) B3MOBK MeX 3epeH GBIl TOHKI B TIOPIBHSHHI 31 3paskamu cepiiiHoro cmraBy MLS i 3pas-
KaMu, MOJ(piKOBAaHUMHY TEXHIYHIM BYTJIEIleM. PEHTTeHOCTPYKTYpHHIM aHAII30M CTBOPEHHS HOBUX (ha3 HE BUABIICHO.
Ha nippakrorpamax 3pa3skis crianaBy MLS5 3 HaHOrpadiTOM i HAHOTPYOKaMU PUCYTHI CIIA0KI JiHI{ YUCTOTO BYTIIEIIFO,
10 MO’KE BKa3yBaTH Ha WOTO MPUCYTHICTh y HE3HAUHIH KITBKOCTI y CTpyKTypi. HaykoBa i mpakTHdHa HOBU3HA OTpPH-
MaHHUX PE3yJIbTaTiB MiCTUTBCS Y HACTYITHOMY: BUTIPOOYBaHA TEXHOJIOTisI MOAU(IKyBaHHS 3POCTAIOUNMHE JOMIITKaMHU
aNOTPONTHUX (HOPM HAHOBYTIICITIO - TEXHITHUM BYTJIEIeM, HAHOTPA(UTOM i OMHOCTIHHUMH BYTJICIIEBUMHU HAHOTPYO-
KaMH JINBAPHOTO MarHi€Boro cruraBy cuctemu Mg-Al-Zn y cepenoBHIIi, HAGIMKEHOMY 10 TIPOMHUCIIOBOTO BUTOTOB-
JICHHS] MaHIEBOTO JIMTBA BIMOBIJANBHOTO MpU3HaueHHs. [lokasaHo, 10 JOoJaBaHHS HAHOBYIJIEHIO Y KUIBKOCTI 10
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0,1% 31aTHO TTO3UTHUBHO BILIMBATH Ha CTPYKTYPHI XapaKTEpUCTHKH JIMBAPHOTO MarHieBoro criaBy MLS mpu npomy
He IPUBOJIE 10 3MiHEHHS ioro ¢a3oBoro ckirany. Hanorpadit Ta ogHOCTIHHI ByTJIelieBi HAHOTPYOKH, SIKi MAIOTh BITO-
PSIKOBaHY CTPYKTYPY, CHPHUSIIOTH ()OPMYBAHHIO OLTBII TOHKHX MEK3EPEHHUX MEX Y TIOPiBHSIHHI 3 aMOp(HUM TeXHi-
YHUM BYTJICIIEM.

Kunrodogi ciioBa: iuBapHUid MarHieBuii cruias; MoJu(iKyBaHHS; po3Mip 3epHa; iHTepMeTaauana dpaza MgizAlia;
BYIJICIIEBI HAHOYACTKH; HAaHOTPa(iT; OMHOCTIHHI BYTJIELEBl HAHOTPYOKH.
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