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The necessity of increasing the mechanical properties and heat resistance of aviation
magnesium case casting is demonstrated. The choice of alloying elements to improve the installation
characteristics of the Mg-Al-Zn system is justified. It was found that Ti, Zr and Hf additives in the
MLS5 alloy in an amount from 0.05 to 1.0 mass. % contribute to reducing the distance between the
axes of the dendprites of the 2nd order up to 1.5 times and the size of the micrograin - up to 2 times.

The influence of the morphology and topology of the structural components of magnesium
alloys on their properties is demonstrated. It was found that microalloying of magnesium alloys
Ti, Zr and Hf in an amount from 0.05 to 0.1 mass. % increases the volume percent of intermetallic
compounds, displacing them towards smaller size groups with the simultaneous formation of
spherical intermetallic compounds located in the center of the grain and serving as additional
crystallization centers.

It has been established that microalloying of magnesium alloys with refractory metals leads
to the formation of complex intermetallic phases enriched with the corresponding alloying elements.
It is shown that the optimal additives Ti, Zr and Hf in an amount from 0.05 to 0.1 mass. % help
increase strength by ~ 25%, ductility by ~ 2.5 times, and heat resistance by ~ 2 times.

New heat-resistant magnesium alloys with a high complex of mechanical properties and
heat resistance have been developed. An industrial testing of the production technology of castings
made of improved magnesium alloy was carried out in the conditions of the enterprise JSC “Motor
Sich”. The use of developed magnesium alloys will improve the reliability and operation safety of
aircraft engines.

Keywords: chemical composition; alloying elements; mechanical properties; heat
resistance; structure; intermetallides;, magnesium,; microhardness.

he development of modern mechanical engineering requires the use of

materials that can withstand high loads at elevated temperatures while

reducing the weight of structures. From this point of view, magnesium-based
alloys are one of the most widespread in nature [1].

Foundry magnesium alloys are one of the lightest structural materials

that allow them to be used effectively in aircraft construction. Due to the
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fact that magnesium alloys are one and a half times lighter than aluminum
alloys and four times than steel, their use, especially in shaped casting, allows
achieving a weight reduction of products up to 30 % [2].

Currently, a large number of magnesium alloys have been developed
and a large number of papers have been published that discuss the mechanical,
physical, and special properties of magnesium alloys intended for various
operating conditions. Magnesium alloys doped with aluminum and zinc (ML4,
ML5, ML6) are widely used for high-strength casting, which have sufficiently
high mechanical properties and low cost but have insufficient heat resistance.

Alloys of the system "magnesium-zirconium-neodymium" (ML9,
ML10, ML19), which have high heat resistance, contain expensive alloying
elements and it significantly increases the cost of products and reduces their
competitiveness. Therefore, the development of cheap magnesium alloys with
high levels of properties and heat resistance is an urgent task [3], providing
reliable and safe operation of aircraft engines [4].

The magnesium alloy ML5 of the Mg-Al-Zn system has proven itself
well to work up to 150 °C as the body parts of aviation engines manufactured
by JSC “Motor Sich”. However, in some cases, when operating engines in
critical conditions with large overloads, overheating of the body casting occurs,
which can lead to softening of magnesium alloys.

Aviation engines, which have passed the guaranteed service life, undergo
maintenance, at which they are disassembled and the quality indicators of
individual parts and components are evaluated. However, on the surface of
cast parts made of ML5 magnesium alloy and having a complex configuration,
some inconsistencies with the requirements of the regulatory and technical
documentation can be detected: painting, chipping, wear and cracks (Fig. 1 a).
In this case, cracks with traces of corrosion were most often observed. The
macrostructure of such cracks had a folded multifocal relief, often with the
melting of grain boundaries (Fig. 1 b). The surface of the cracks was covered
with a dense layer of oxides, and the crack itself could develop both along the
grain and along its boundaries.

Analyzes of the chemical composition and mechanical properties of
samples of the investigated metal, cut from cast parts, showed that they meet
the requirements of regulatory and technical documentation. The bulk of the
cracks considered occurred in the case of over-warranty period of operation
engines and with large overloads in critical modes. Thus, the standard
magnesium alloy ML3, meeting the requirements of regulatory and technical
documentation and providing guaranteed service life of the units, does not
always provide the necessary properties of the products when operating aircraft
engines with high overloads in critical modes and requires increasing their heat
resistance.

It is known that the heat resistance of cast alloys is provided by two
factors [5]:

1. The introduction into the alloy of alloying elements, which form
during crystallization and recrystallization refractory phases in the form of
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Fig. 1. Surface crack on the housing cover of ML5 alloy (a, x 0.5) and metal microstructure with the melting of
grain boundaries (b, x 300).

mesh secretions or in the form of a solid frame between the branches of the
dendrites.

2. By doping the main component with the elements included in the
solid solution [6]. In this case, the alloying components must have a melting
point higher than the base of the alloy.

The analysis of the state diagrams of various alloying elements with
magnesium showed that with the increase of the melting temperature of the
studied elements, the state diagrams were transformed from eutectic to a
peritectic one. At the same time, as the melting temperature of the alloying
element increased, the melting temperature of the intermediate phases also
increased, providing a heterogeneous structure that was resistant to the effects
of elevated temperatures.

In this regard, it is of practical interest to study the effect of refractory
elements (Ti, Zr, Hf) on the heat resistance of magnesium alloy ML5. These
metals have atomic radii and electronegativity close to magnesium [6] and can
therefore form solid solutions and phases, reinforcing the metal matrix. The
melting point of the alloying elements under study significantly exceeds the
melting temperature of the alloy, which should ensure the thermal stability of
the formed phases and increase the heat resistance of the magnesium alloy as
a whole.

The effect of the above elements on the structure formation, mechanical
properties and long-term strength at elevated temperatures of ML5 magnesium
alloy castings were investigated.

The magnesium alloy ML5 was smelted in an induction crucible furnace
type TPM-500 by standard technology. The refining of the melt was carried
out in a dispensing furnace, from which the melt was taken portion wise and
the increasing additives of aluminum, Ti, Zr and Hf ligatures were introduced.
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Standard specimens for mechanical testing were poured into a sandy-clay form.
The samples were heat treated in Bellevue and PAP-4M T6 furnaces: heating
to 415 = 5 °C, holding for 15 h, cooling in air and aging at 200 + 5 °C, holding
for 8h, cooling in air.

The tensile strength (ov) and elongation (8) of samples with a working
diameter of 12 mm were determined on a tensile testing machine P5 at room
temperature. Long lasting strength(t®  )was determined on an INSTRUN
installation with elongated rods for attaching samples; upon reaching 150 °C,
a load was applied (o = 80 MPa) and the time was recorded until complete
destruction.

The microstructure of the castings was studied by light microscopy
(Neophot 32). The microhardness of the structural components of the alloy
was determined on a Buehler microhardness meter at a load of 0.1 N.

We studied the effect of the contents of Ti, Zr and Hf (within 0.05 ...
1.0 % each) on the structure and properties of the ML5 alloy. The chemical
composition of the MLS5 alloy of the studied variants met the requirements
of GOST 2856-79 and was approximately at the same level in terms of the
content of the main elements (8.4 % Al, 0.30 % Mn, 0.32 % Zn, 0.014 % Fe,
0.005 % Cu, 0.030 % Si).

A macrographic study of fractures of samples of an MLS5 alloy with
titanium, zirconium and hafnium showed that these elements were crushed by
macrograin. The microstructure of the standard composition ML5 alloy was a
8 solid solution with a 8 + vy type eutectic located at the grain boundaries and
individual y phase intermetallic compounds (Fig. 2 a). With an increase in the
content of Ti, Zr, and Hf in the alloy, the amount of eutectic, the size of the
structural components (Fig. 2, b-d), and the distances between the axes of the
second-order dendrites decreased (Table). The effect of these elements on the
microhardness of the matrix increased from titanium to zirconium and hafnium.

Analysis of the distribution of intermetallic compounds by size groups
showed that lamellar intermetallic compounds predominated in the standard
MLS5 alloy, most of which were in the size group 4 ... 15 pum. Spherical
intermetallics are mainly represented by a size group of 2.0 ... 7.9 microns. The
studied alloying elements in the alloy ground the intermetallic phase (up to
2.0 ... 11.5 microns for spherical and < 2.0 ... 7.9 microns for lamellar). With
an increase in the content of the studied elements, the volume percentage of
intermetallic compounds with sizes less than 2 pm increased and decreased for
large intermetallic compounds (> 11.6 um).

The content of Ti, Zr and Hf in the range of 0.05 ... 0.1 % increased
the ductility of the ML5 alloy due to grain refinement. However, when
their content in the alloy was up to 1.0%, this indicator decreased due to
the formation of an excess amount of the intermetallic phase embrittling the
metal. Titanium, zirconium and hafnium increased the tensile strength and heat
resistance of the alloy. The effectiveness of their influence on the properties of
the alloy increased from titanium to zirconium and hafnium and increased with
an increase in their content.
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Fig. 2. Microstructure of samples from alloy ML5 with additives: a — standard alloy, b — 0.1 % Ti, c — 0.1 % Zr,
d - 0.1 % Hf, x100.

X-ray microanalysis of the phases of the ML5 alloy with titanium,
zirconium and hafnium showed the presence of these elements in the
composition of intermetallic compounds. The studied elements contributed
to the grinding of the intermetallic phase. Moreover, its volume percentage
increased with increasing concentration of the studied elements in the alloy
(Table). The content of elements in the range of 0.05 ... 0.1 % intensively
increased the volume percentage of spherical intermetallic compounds with
a slight increase in plate. A further increase in the concentration of elements
insignificantly increased the volume percentage of spherical intermetallic
compounds inside the grain and intensely lamellar ones.

Thus, Ti, Zr, and Hf additives crushed the structure of the MLS5 alloy,
increasing the volume percent of small intermetallic compounds, and increased
the strength, ductility, and heat resistance of the alloy.

Based on the research conducted at the Zaporizhzhya Polytechnic
University, a series of new heat-resistant alloys of the Mg-Al-Zn system,
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Characteristics of the structural components of the alloy ML5 with Ti, Zr and Hf

Content,% Microhardness of the matrix, HV,
Element
calc. MPa
The distance
Micro grain[between the axes of]
SiZe, pm the dendrites of the before heat| after heat
ond ord after 1%
standard nd order, pm treatment | treatment 150
140 21 1115,9 1256,5 1286,5
0,05 120 18 1120,2 1265,6 1281,1
Ti 0,1 100 16 1127,8 1270,7 1288,1
1 100 16 1135,5 1283,3 12929
0,05 105 17 1166,8 12353 1278.,8
Zr 0,1 100 16 11983 1265,6 1305,5
1 70 16 12154 1297.9 1324,2
0,05 110 17 11889 1256,6 1318,9
Hf 0,1 100 16 1233,5 12944 1346.,6
1 70 15 1270,4 1321,1 1387,7
Note: the table shows average values.

additionally alloyed with Ti, Zr and Hf, was developed [7 ... 10]. Industrial
testing of the technology for the production of new alloys was carried out
in the conditions of the company JSC “Motor Sich” - castings “drive box
housing” and “fuel pump housing” were made from improved alloys (Fig. 3).
After heat treatment under T6 mode, samples were made from castings for
metallographic analysis and mechanical tests.

The use of improved magnesium alloys for the manufacture of body
casting can improve the reliability and safety of aircraft engines.

Fig. 3. Castings made of improved magnesium alloys: a — “fuel pump housing”, b — “drive box housing”.
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The alloying of the MLS alloy with refractory metals contributes to the
refinement of structural components, an increase in their microhardness, and an
increase in the volume percent of intermetallic compounds that have a complex
composition and are enriched with the corresponding alloying elements.

Experienced castings made from improved magnesium alloys had a
uniform and fine-grained structure without any defects, and the mechanical
properties and heat resistance significantly exceeded the level of standard
alloys. At the same time, their strength increased by 25 %, ductility by
2.5 times, and heat resistance by 2 times.

Titanium, zirconium and hafnium in an amount of from 0.05 to 0.10 %
mass. significantly increase the strength, ductility and heat resistance of a
magnesium alloy.

The elements considered are promising alloying components for the
development of new magnesium alloys when operating at elevated temperatures.

Jlitepatypa

1. Kulekci M. K. Magnesium and its alloys applications in automotive industry //
The International Journal of Advanced Manufacturing Technology. — 2008. —
Vol. 39, Issue 9-10. — P. 851-865.

2. Musfirah A.H., Jaharah A.G. Magnesium and Aluminum Alloys in Automotive
Industry // Journal of Applied Sciences Research. — 2012. — Ne 8(9). — P. 4865-
4875.

3. Leipeng S., Yang Z., Yalin L., Xingcheng L., Jian W., Jiangtao W. Microstructure,
texture and mechanical properties of a friction-stir-processed Mg-Al-Ca-Mn-Zn
alloy / / Materials and technology. — 2019. — Vol. 53 (6). — P. 839-844.

4. Borycnaes B.A., 7Kemantox II./[., BenukoB C.B. m jnp MarHueBbie CcIIaBbI
MOBBIIIEHHOTO KAadecTBa /Il aBUAIMOHHOTO MAITMHOCTPOEHUS. — 3amopoxkbe: «MoTop
Cuu», 2016. — 249 ¢

5. /Jlpunt M.E. MaruueBbie cIIaBbl /1T paGOTHI TPHU TOBBIMEHHBIX TeMITEpaTypax. — M.:
Hayxa, 1964. — 229 c.

6. TyasgeB b.b. ®usuko-xuMudeckne ocHOBBI cuHTe3a ciiaBoB. — JI.: Uaa-Bo Jlenwnrp.
yH-Ta, 1980. — 192c.

7. Tlartent Ne 44917 Yxpaina, MIIK C22C 23,/00. JluBapHwmii c11aB HA OCHOBI MArHiio
3 migBuienoo kapowminuictio / IllamomeeB B.A.; 3agBHUK i TATEHTOBJACHUK
3anopi3pk. Haml. TexH. yH- TeT. — Ne 200902822; zagsa. 26.03.09; omy6a. 26.10.09,
Bros. Ne 20. — 4 c.

8. Ilarent Ne 70527 Yxpaina, MIIK C22C 23,/00. Jlupapuuii criiaB Ha OCHOBI MAarxii
3 TiBUIIEHOI0 Kopo3siitHoto crilikictio / Illamomee B.A., Tlusipko E.I., 3eseniox
10.0.; 3agBHUK i MaTeHTOBJIACHUK 3amopi3bK. Hall. TexH. yH- TeT. — Ne 201115686;
3asgBa. 30.12.11 ; ony6a. 11.06.12, Broa. Ne 11. — 3c.

9. Ilarent Ne 109564 Ykpamna, MIIK C22C 23 /00. yKapowminuuii suBapHuii crjaaB Ha
ocuoBi maruito / [lanmomees B.A., Ilu-sipko E.I., Jlykinos B.B., Tta iuuri, 3asgaBHUK
i MaTeHTOBJACHUK 3amopi3bK. HAIl. TexH. YH-TeT; 3asBia. 14.03.16 ; omy6a. 25.08.16,
Bros. Ne 16. — 4 c.

10. Iatent Ne 109565 Ykpauna, MIIK C22C 23 ,/00. JluBapuuii crijiaB HA OCHOBI MarHifo
3 migBuienoto sxkapomitHictio / [llanomee B.A., [Musipko E.I., Jlykinos B.B., Ta
iHIII, 3aBHUK i TATEHTOBJACHUK 3aropi3bK. HAIl. TeXH. YyH-TeT; 3asBi. 14.03.16;
omy6a. 25.08.16, bror. Ne 16. — 4 c.

22 HaykoBo-texniunuii sxypHaa "MeTa103HaBCTBO Ta 06po6Ka MeTaiB" 3'2020




KonbopoBi metanu i cnnasu

References

1 Kulekci M. The International Journal of Advanced Manufacturing Technology,
2008, Vol. 39, Issue 9-10, pp. 851-865 [in English].

2 Musfirah A.H., Jaharah A.G. Journal of Applied Sciences Research, 2012, No.
8(9), pp. 4865-4875 [in English].

3 Leipeng S., Yang Z., Yalin L., Xingcheng L., Jian W., Jiangtao W., Materials and
technology, 2019, No. 53 (6), pp. 839-844 [in English].

4 Boguslaev V.A., Zhemanyuk P.D., Belikov S.B. Magnievii splavy povyshenogo
kachestva dla aviazionogo mashinostroeniya (Superior Magnesium Alloys for
Aviation Engineering), Zaporozhye, Motor-Sich, 2016, 249 p. [in Russian].

5 Driz M.E. Magnievy splavy dlya raboty pri povishenyh temperaturah (Magnesium
alloys for elevated temperatures), Moscow, Nauka, 1964, 229 p. [in Russian].

6 Gulyaev B.B. Fiziko-himicheskie osnovy sinteza splavov (Physicochemical
fundamentals of alloy synthesis), Leningrad, Izdatelstvo Leningradskogo
universiteta, 1980, 192 p. [in Russian].

7 Patent No. 44917 Ukraina, MPK C22C 23,/00. Lyvarnii splav na osnovi magniju z
pidvishenoyu zharomiznistyu [Magnesium alloy foundry with high heat resistance],
Shalomeev V.A., Zaporizhkiy Nationalniy Tehnicheskiy Universitet, no. 200902822,
zayavl. 26.03.09, opubl. 26.10.09, Bul. no. 20 /4. [in Ukrainian].

8 Patent No. 70527 Ukraina, MPK C22C 23 /00. Lyvarnii splav na osnovi magniju z
pidvishenoyu koroziinoyu stiikistyu [Magnesium alloy foundry with high corrosion
resistance], Shalomeev V.A., Zuvirko E.I., Zelenyuk Y.O., Zaporizhkiy Nationalniy
Tehnicheskiy Universitet, no. 201115686, zayavl. 30.12.11, opubl. 11.06.12, Bul.
no. 11 /3. [in Ukrainian].

9 Patent No. 109564 Ukraina, MPK C22C 23,/00. Zaromiznii lyvarnii splav na
osnovi magniyu [Magnesium based heat resistant casting alloy], Shalomeev V.A.,
Zuvirko E.I., Lukinov V.V., Zaporizhkiy Nationalniy Tehnicheskiy Universitet, no.
201602410, zayavl. 14.03.16, opubl. 25.08.16, Bul. no. 16 /4. [in Ukrainian].

10 Patent No. 109565 Ukraina, MPK C22C 23 ,/00. Lyvarnyy splav na osnovi mahniyu
z pidoyshchenoyu zharomitsnistyu [Magnesium alloy foundry with high heat
resistance], Shalomeev V.A., Zuvirko E.I., Lukinov V.V., Zaporizhkiy Nationalniy
Tehnicheskiy Universitet, no. 201602412, zayavl. 14.03.16, opubl. 25.08.16, Bul.
no. 16 /4. [in Ukrainian].

Opnepskano 19.03.20

B. A. lllaaomees, €. 1. Iluipko, B. B. Kaouuxin, €. O. YetBeprak
JKapominHi cnjiaBu Ha OCHOBI MarHilo IS aBiallilfHOTO JIMTBa
Anoraiiga

ITokazana HeOGXiAHICTh MIiABUIIEHHS MEXAHIYHUX BJACTHBOCTEH i KApOMIITHOCTI
KOPIIyCHOTO MArHi€BOro JiMTBa asiamniitHoro mpusHavenns. OOrpyHToBaHuii Bubip
JIETYIOUHNX eJIEMEHTIB [/ TOJIMIIEHHST XapaKTEPUCTHK cIIaBy cuctemn Mg — Al — Zn.
Bceranosieno, 1o npucaaku Ti, Zr i Hf 8 crias MJIS B kisbkocti Big 0,05 g0 1,0 mac. %
CHPUSIOTh 3MEHINEHHIO BiJICTAHI Mi3K OCAMU JeHApuTy 2 mopsaky no 1,5 pasiB i poamipy
MiKpo3epHa - 10 2 pasiB.
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[Mokazamno BruBu MopdoJorii i TOMOJOTIT CTPYKTYPHUX CKJIAJOBUX MATHIEBUX
CIITaBiB Ha iX BJAcTUBOCTi. BcTamosieno, 1Mo MikpoJeryBanmsl MarnieBux criasiB Ti, Zr
i Hf B xinbkocti Big 0,05 mo 0,1 mMac. % 36ijbiiye o6'eMHuii BiJ[COTOK WHTEPMETATI/IB,
3MINyIoun iX y GiK MeHIIMX PO3MipHHUX TPYI MPHU OJ[HOYACHOMY YTBOpelii chepruunnx
ANTEPMETAJII/IB, M0 PO3TANIOBANi B ICHTPi 3epHa i CAYTYIOTb [OJATKOBAMHU IICHTPAMU
KpHCTaTi3aIllii.

Bceramosneno, 1o MikpoJieTyBamHs MarHi€BUX CIJIABIiB TYTOIJIABKUMH MCTAaJAMU
TMPUBOJIATD /IO YTBOPEHHST KOMIIIEKCHUX iHTepMeTamiannx ¢das, 36araueHnx BiJATOBIIHAMMT
Jeryiounmn ejementamu. Ilokaszarmo, mo ontuMaabHi mpucaaku Ti, Zr i Hf B ximbKocTi
Big 0,05 10 0,1 Mac. % CrHpUAIOTh MiABUIIEHHIO MillHOCTI Ha ~ 25 %, MJIacTUYHOCTI B ~ 2,5
pasu, a JKapoMiIHocTi B ~ 2 pasu.

Pospo6ierii HOBi KapOMiIHi Marti€Bi CIJIaBW, 1O MAIOTh BWCOKWHA KOMILIEKC
MeXaHiuynux BJacTuBocteit i skapomirocti. IlpoBeseno mpoMucioBe BUMPOGYBATH
TEXHOJOTii BUPOOHUITBA BiIIUBANB 3 TOJIIIIEHOTO MArmi€Boro CIJaBy B yMOBax
nignpuemctda AT "Mortop Cuu". 3acrocyBaniissi po3pobJieHrnX MarHi€BUX CIJIABiB
JIO3BOJIMTDH THABUIIUTH HAJ{iHHICTh po6OTH i Ge3TeKy eKcIayararii aBiaiiiiinxX JBUTYHIB.

Katouoei caoea: xiviunmii ckiazi, JeryBajblli eJleMENTH, MeXaHivli BJIACTUBOCTI,
JKApOMIIIHICTD, CTPYKTYpa, iHTCPMETANiIN, MaTHill, MiKpOTBEPIiCTh.
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[n§a perynapHoro ogepxaHHs xypHany noTpibHo nepepaxysati BapTiCTb
3aKasaHux HOMepIB Ha PO3PaxyHKOBUIN paxyHOK Pi3NKO-TEXHOMOMYHOro
iHCTUTYTY MeTanis Ta cnnasiB HAH YkpaiHu.

BaprticTb ogHoro Homepa xypHany - 50 rpH., nepeannata Ha pik — 200 rpH.
LliHa apxiBHux Homepis 1995 — 2018 pp. — 10 rpH.

Po3paxyHkoBUIA paxyHOK ANs nepeansiaTHUKIB,
CMoOHCcOopIB i peknamonaBLiB:
p/p UA828201720313251001201012215,
6ark JKCY B M. Kuesi kog 6aHky 820172
OTtpumysay - PTIMC HAH Ykpaiuu, kog €EAPINOY 05417153,
3 MOCUNaHHAM Ha xypHan "MOM"
Konito fokyMeHTa nepeannartun Ta BigoOMOCTI PO nepeannaTtHuka
NpocMMo Haacunatu Ao peaakuii,
BKa3aBLLM HOMEp i AaTy NnaTiKHOro AOKyMeHTa.
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