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Abstract: Magnesium alloys are usually considered as structural materials when the weight reduction is important - in aircraft and space
industry for example. In recent years, there has been an increase in the use of new generation ignition-proof high-strength magnesium
alloys in the design of aircraft parts. The properties of new ignition-proof casting magnesium alloys ML-OPB (Mg—6.7Y-2.6Zn—
0.5Zr—0.35Ce—0.35Yb; wt.%) and EWZ43 (Mg—3.8Y—4.4Nd—0.6Zr—0.6Zn; wt.%) were investigated and compared with properties of
commercial magnesium alloys. The microstructure of investigated alloys in the as-cast condition comprises of a magnesium solid solution
and a significant amount of eutectic. Heat treatment according to the T6 mode results in change in the eutectic phase’s morphology and
also to their partial dissolution in the magnesium matrix. Long-term high-temperature holding, simulating operating conditions (500 h
at 300 °C), leads to the formation of precipitates along the grain boundaries in both alloys, significantly reducing the mechanical
properties. During the oxidation of the samples, it was established that the main components that involved into the oxide film and
provides the protective properties of the alloys is Y, Nd and Yb. The investigated alloys have a high strength, which is not lower than
that of the ML10 alloy. At the same time, the advantage of the ML-OPB alloy is a high elongation at fracture, while the EWZ43 alloy is
characterized by high strength. The corrosion rate of the investigated alloys exceeds the corrosion rate of known commercial ML10 and
AZ091 alloys, which implies the need for additional protection against corrosion of investigated alloys. At the same time, the castability
of ML-OPB and EWZ43 alloys is no lower than that of most commercial magnesium alloys. An oxide film with high Y content and high
protective properties is formed when the alloys interact with the sand mold bonded with furan resin. The ignition temperature of the
investigated alloys is 100—150 °C higher than that of the ML10 alloy. The flammability test of alloys in the flame of a gas burner, made
on cone samples and typical aircraft castings «bracket», showed that ML-OPB and EWZ43 alloys are almost non-flammable under the
conditions of experiment.
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Aunoranusa: MarHueBble CIUIaBbl KaK KOHCTPYKIIMOHHBIE MaTepuabl OOBIYHO paccMaTPUBAIOTCS B TeX CIydyasiX, KOTJa CHUXEHUE
Macchl MMeeT BaXHeiilllee 3HaUeHUe, HAIPUMED B aBUAIlMU U KOCMOHABTUKe. B mocienHue roabl HaOMIOAaeTCs pacliMpeHue Mpu-
MEHEHU S MoXKapo0e30MacHbIX BHICOKOMMPOUYHBIX MATHUEBBIX CIJIABOB HOBOTO MOKOJIEHUSI B KOHCTPYKIIMSIX aBUALIMOHHBIX U3IETUI.
B paGote OblIM M3y4YeHBI CBOCTBA HOBBIX MMOXap00O€e30MacHbIX JTUTEHHBIX MarHueBbIX criaBoB MJI-OI1b (Mg—6,7Y-2,6Zn—0,5Zr—
0,35Ce—0,35Yb) u EWZ43 (Mg—3,8Y—4,4Nd—0,6Zr—0,6Zn) 1 BBIIIOJHEHO UX CPaBHEHUE C MPOMBIIILIEHHBIMUA MarHMEeBBIMU CIIIaBa-
MU. MUKPOCTPYKTYpa UCCIeAYEMbIX CTIJIABOB BJIMTOM COCTOSIHUU MPEICTaBIsIeT COO0I MarHUeBbIi TBEPABII PACTBOP U 3HAYUTEIbHOE
KOJIMYECTBO IBTEKTUKU. Tepmuueckasi 0opaboTka mo pexumy T6 MpUBOAUT K U3MeHEHUIO MOpdoaoruu ¢ha3 B 9BTEKTHKE, a TaKXKe
MX YaCTUYHOMY PACTBOPEHUIO B MAarHUEBOI MaTpulie. B pe3ynbpTaTe IIUTEIbHON BHICOKOTEMIIEPATYPHOM BBIAEPKKHM, UMUTHUPYIOLLEH
yeaoBus akerryatauuu (500 4 mpu 300 °C), npourcxoaut ¢opMUpOBaHUE BbIACICHU I MO TpaHUIIAM 3€peH B 000UX CIJIaBax, KOTOPbIE
3HAYMTETbHO CHUXKAIOT MEXaHMYeCKHUe CBOMCTBA. BbIIO yCTaHOBJIEHO, YTO TIPU OKUCICHWU 00pa3lloB OCHOBHBIMKM KOMITOHEHTAMMU,
TMePeXOSIIMMHU B OKCUIHYIO TUICHY ¥ 00eCreunBaOIMMK 3aIMTHBIE CBOMCTBA CIIaBoB, sABisoTcs Y, Nd u Yb. PaccmarpuBaembie
CTIIaBBI 00J1aIAI0T BHICOKUMU TTPOYHOCTHBIMY CBOMCTBaMM, KOTOPbIE He HUXe, yeM y critaBa MJI10. [pu aToM mpenMyIiiecTBOM crijia-
Ba MJI-OI1b siBasieTcst BBICOKOE OTHOCUTEIbHOE YAJTMHEeHUE, a 1is cilaBa EWZ43 xapakTepHa BbhIicOKasi MpoYyHOCTh. CKOPOCTh KOp-
pPO3UHU ITUX CIJIABOB BHIIIE, YeM y U3BECTHBIX TPOMBIIITIEHHBIX ciaBoB MJI10 u MJIS, u3 dero ciemyet, 4TO UCCIeayeMble CIJIaBbI
TPEeOYIOT JOTMOJHUTEIBbHOM 3alIUThl OT KOppo3uu. [Ipu aTom nuTeiiHble cBoiicTBa criiiaBoB MJI-OITb u EWZ43 oka3anucek He HUXe,
yeM y HanboJjiee pacmpoCTpaHEHHBIX MATHUEBBIX CMI1aBOB. [1py B3auMOAECTBUU CIIJIaBOB ¢ GOPMOIi U3 XOJOIHO-TBEPALIOLIEH CMecH
dopmupyeTcst oOKCuaHas MJIEHA C BLICOKMM colepXaHueM Y U XOPOIIMMHU 3alIUTHBIMU CBOICTBaMU. TeMmmepaTypa BO3ropaHus U3y-
YEeHHBIX cI1aBoB okazajachk Ha 100—150 °C Bbiie, yem y critaa MJI10. McnibiTaHMe CTIJIaBOB B IJIaMEHM T'a30BOM TOPEJKM Ha KOHYCHBIX
obpasiiax U TUTIOBbIX aBUALIMOHHBIX OTJIMBKAX TUTIA «KPOHIITEWH» MoKa3aJo, uto criaBel MJI-OITb 1 EWZ43 npakTruyecku He ropsiT
B YCJIOBUSIX 9KCIIEPUMEHTA.
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®unancuposanue: Pabora BoinmonHeHa B pamkax HUP mexny AO «OAK» u HUTY MUCHUC.

Jna uuruposanusa: baxenos B.E., bapanos WM.U., JIsickoBuu A.A., Koarteirud A.B., CanHukoB A.B., Ksapamsan K.A., benos B.J.,
[MTaBnuuuu C.II. WMccnenoBaHue JUTEHHBIX, MEXaHUYECKMX, KOPPO3MOHHBIX CBOMCTB M MOXApOOMACHOCTU MarHUEBBIX CIIJIaBOB
MJI-OI1b u EWZ43. Uzeecmus 6y306. Lleemnas memannypeus.2023; 29 (1): 39—55. https://doi.org/10.17073/0021-3438-2023-1-39-55

Introduction

The creation of ignition-proof casting magnesi- strength magnesium alloys in the design of aircraft
um alloys represents a very urgent task, especially for parts [2].
the aircraft industry [1]. Currently, it is recognised as Ignition resistance is directly dependent on the abi-
economically and technologically advantageous to ex- lity of the oxide film on the surface of the magnesium al-
pand the use of new generation of ignition-proof high- loys to protect the metal from contact with atmospheric
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oxygen over a wide temperature range [3]. The protec-
tive properties of an oxide film can be evaluated by the
Pilling—Bedworth ratio (P—B ratio), which indicates
the ratio of the oxide volume to the metal volume. If
it is greater than 1, the film forming on the surface of
the alloy is dense and protects it well against further
oxidation. For magnesium and its oxide, the value of
P—B ratio is 0.81 [4], i.e., a dense film is not formed.
However, with the addition of certain alloying elements
the density of the oxide film on the surface of the alloys
increases significantly. For example, for the yttrium/
yttrium oxide pair, the P—B ratio is 1.39 [4], which
means that if an oxide layer with a predominant com-
posed of Y,0O3 is present, it should be dense and protect
the alloy well against oxidation and ignition. Yttrium
can therefore be used as an alloying element for igni-
tion-proof alloys. Other rare-earth metals (REs) also
contribute to the formation of a protective oxide film.
For example, the positive effect of yttrium [5] neodym-
ium [6] lanthanum [7], cerium [8] is known. Calcium
is another excellent choice as a component to enhance
the protective properties of the oxide film. Numerous
studies [9—11] indicate a significant increase in the
ignition temperature in the alloys after the addition of
calcium.

It is worth noting that the joint addition of sever-
al elements that increase the density of the oxide film
provides the maximum protective effect. For instance,
it was shown in works [5, 8] that the dense oxide film is
formed on the surface of Mg—Y alloy when the Y content
exceeds 10 wt.%. If a small amount of Ce is subsequently
added to the Mg—Y alloy, however, a dense protective
film can be formed even at 3 wt.% Y.

Known ignition resistant alloys of the Mg—RE—
Zn—Zr system with additions of Sc and Cd, develo-
ped by VIAM (Moscow) [12]. The alloys exhibit good
strength, high ignition temperatures and a density of less
than 2 g/cm3. However, the addition of Cd poses envi-
ronmental risks to the melting of this alloy, whereas Sc
is a very expensive alloying element and is currently used
industrially only as a microalloying element in alumi-
num alloys [13].

Earlier, the EWZ43 alloy of the Mg—Nd—Y—Zn—
Zr system was developed at MISIS [14], which combines
good mechanical properties with high castability [15].
Due to the high Y and Nd content, this alloy should ex-
hibit a high resistance to ignition.

Togliatti State University (TSU) in cooperation
with Solikamsk Experimental Metallurgical Plant
(SOMZ) proposed the ML-OPB alloy, which is close
to the Mgy;Y,Zn, alloy in content of yttrium and zinc
and additionally alloyed with small quantities of Ce and

Yb to increase the ignition temperature. Mgq;Y,Zn,
alloy belongs to alloys with the LPSO (long-period
stacking-ordered) phase, usually used to obtain pro-
ducts by plastic deformation methods. Moreover, it is
well studied [16—18]. At the same time in the as-cast
condition the alloys of Mg—Y—Zn—Zr system can ex-
hibit high mechanical properties (tensile yield strength
(TYS) of 150—180 MPa), however, only in the pre-
sence of W phase (MgYZn, or Mg;Zn;Y,) apart from
the LPSO-phase in the alloy structure [19—21]. Thus,
in this system the promising casting alloys with excel-
lent castability and high resistance to ignition can be
found.

The development of new ignition-proof alloys is
quite an urgent task, however, designers need a thorough
understanding of their properties in order to be able to
offer such alloys. In this regard, the aim of this paper
was to investigate the castability, mechanical properties,
corrosion properties and flammability of EWZ43 and
ML-OPB magnesium alloys and to compare them with
the properties of currently used commercial magnesium
alloys.

Materials and methods

The ML10 and ML-OPB alloys were supplied by
SOMZ LLC (Solikamsk). Magnesium (99.9 wt.% pu-
rity), zinc (99.975 wt.%), and Mg—15wt.%Zr (SOMZ
LLC), Mg—20wt.%Y and Mg—20wt.%Nd (Metagran
LLC, Moscow) master alloys were used to prepare the
EWZ43 alloy.

Samples for corrosion tests were obtained by flux-
free melting. Melting in the PT 90/13 resistance furnace
(LAC, Czech Republic) was carried out in a steel cru-
cible in a protective atmosphere of argon mixture with
2 vol.% sulfur hexafluoride (SF¢). The weight of alloy
charge was 2 kg. After the raw materials was melted and
the temperature was raised to 740—760 °C, the melt was
purged with argon for 3 min through a steel tube. The
melt was poured into the molds at the same temperature
after a 10-minute holding in the furnace.

All other samples were obtained by flux melting
technology, which was conducted in an induction fur-
nace (RELTEK RRE, Ekaterinburg) in a steel cruci-
ble. The weight of the alloy charge was 2—4 kg. Melting
was carried out under a flux on the basis of carnallite
(KCl-MgCl,). Once the raw materials had been melted,
the melt temperature was raised to 740 °C and a carnal-
lite flux was added to clean the melt from non-metallic
inclusions. The finished melt was held in the furnace for
10 min and then poured into the molds at a temperature
of 740 °C. The mold temperature was 25 = 2 °C.
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To study the alloy microstructure, corrosion re-
sistance and flammability, cylindrical ingots 35 mm
in diameter and 150 mm in height were cast in a steel
mold.

The chemical composition of ML10 and ML-OPB
alloys was taken from the alloy data sheets, and for the
EWZ43 alloy it was determined by optical emission
spectroscopy on the ARGON-5SF spectrometer (Spec-
trosoft LLC, Troitsk). The composition of the alloys is
presented in Table 1.

The microstructure and phase composition of the
alloys were studied using a Vega SBH3 scanning elec-
tron microscope (SEM) (Tescan, Czech Republic) with
an energy dispersive X-ray microanalysis (EDS) attach-
ment (Oxford, UK).

The phase composition of the alloys was calculated
using the “Thermo-Calc 2016a” software (Thermo-
Calc Software, Sweden) [22] with the TCMG#4 ther-
modynamic database (TCS Mg-based Alloys Database
version 4) [23].

All alloys were heat-treated (HT) according to the
T6 regime consisting of solution HT (¢ = 525 °C for
T=24h — ML-OPB; = 525°C, 1 =8 h — EWZ43;
t =530 °C, 1 = 10 h — MLI10) followed by quenching
in water and aging ( = 200 °C, Tt = 100 h — ML-OPB;
t=250°C,t=9h— EWZ43; r=200°C,t=8 h —
MLI10).

To determine the mechanical properties of the al-
loys, the rectangular ingots were made by casting in a
graphite mold [24]. Six cylindrical specimens with 5 mm
gauge diameter were obtained from ingots for the tensile
tests by lathing. The tensile test was conducted on the
5569 universal testing machine (Instron, USA) with a
advanced video extensometer (Instron, USA).

Besides the mechanical properties in the HT-state,
the mechanical properties after a long-time elevated
temperature holding of the alloy samples at t = 300 °C
for 500 h were determined. The crucibles with samples
were held in a forced-air furnace that provided both
mixing of air inside the furnace and supply of new por-
tions of air. The air flow velocity was measured with
a 405i thermo-anemometer (Testo, Germany) and

Table 1. The composition of investigated alloys, wt.%
Ta6auna 1. CocraB uccieayeMbIX CIUIaBOB, Mac. %

was 0.06—0.2 m/s. The dimensions of the samples are
shown in Fig. 1, a. Tensile tests were carried out on
3 specimens which had not been held out (in the HT
state) and 3 specimens which had been held out at high
temperature.

Samples for corrosion testing were cut from ingots
using wire cutting. Corrosion tests were performed on
cubic samples with dimensions of 12x12x12 mm and a
surface area of approx. 9.5 cm?. The corrosion rate was
determined by the volumetric method based on meas-
uring the amount of hydrogen released during corro-
sion. The tests were performed in a 3 wt.% NaCl aque-
ous solution at room temperature for 48 h. The volume
of the solution was 500 mL. Prior to immersion in the
corrosion environment, the surface of the samples was

3.5

10

©25

Fig. 1. The tensile test sample after longtime holding
at elevated temperature (a) and a conical sample for alloy
ignition testing in a gas burner flame (b)

Puc. 1. O6pasen 11 MCIBITAHUI Ha pacTsXKeHUe
nocJje IJAUTEeAbHOM BBIASPXKKHW MPU MOBBIILIEHHOM
TeMmreparype (@) U KOHYCHbI oOpaselr

IUJTSI TIPOBENIEHU ST UCITBITAHU I Ha BO3rOpaHMe CIljlaBa
B (bakesie razoBoii ropesnku (b)

Alloy Mg Y Nd Zn Zr Ce Yb
ML-OPB Bal. 6.67 — 2.62 0.46 0.35 0.35
EWZ43 Bal. 3.76 4.39 0.63 0.58 — —
MLI10 Bal. — 2.36 0.27 0.51 — —

42



13BecTis By30B. LiBeTHOSI METAAAYPIUS o 2023 o T.29 o N21 e C. 39-55

barkeHos B.E., bapaHos U.U., AbickoBud A.A. 1 AP. NICCAEAOBOHNE AUTENHBIX, MEXOHNYECKUX, KOPPO3MOHHBIX CBONCTB...

grounded with P320 grit sandpaper and degreased with
ethyl alcohol. The amount of released hydrogen was
converted into the mass loss of the sample according
to the ratio of I mL H, = I mg Mg [25] and the corro-
sion rate was calculated in mm/year using the standard
method [26].

Electrochemical studies for alloys in a 3 wt.% NaCl
aqueous solution were performed using an [PC PRO
MF/FRA potentiostat/galvanostat (Volta STC, St. Pe-
tersburg) at room temperature (25 £ 2 °C). Measure-
ments were performed in a three-electrode cell in which
the alloy sample was the working electrode with an ef-
fective area of 1.6 cm?. Platinum and saturated silver/
silver chloride (Ag/AgCl) electrodes were used as coun-
ter and reference electrodes, respectively. Potentiody-
namic polarization experiments were performed from
the cathode region at —2300 mV to the anode region at
+(1300+500) mV at a scan rate of 1 mV/s. The corrosion
current density and corrosion potential were determined
using Tafel curves. Using the values of corrosion current
density, the corrosion rate of the alloys was calculat-
ed [27]. Electrochemical measurements were repeated
three times for each alloy.

The study of the fluidity of alloys was carried out with
a spiral fluidity test. The molds for pouring the spiral test
were made of resin bonded sand. For mold production
according to “no-bake” process, the FK-5 binder and
the OK-3 catalyst were used in the amount of 1.2 and
0.5 % of the sand mass (both produced by “Intema
Group”, Pushkino, Russia), respectively. Quartz sand
(deposit — Ryazan region) was used. The ignition inhib-
itor was potassium tetrafluoroborate (KBF,) added in
the amount of 0.5 % of the sand.

The mixture was prepared in a Mieszarki RN12/VL2
mixer (Multiserw-Morek, Poland). First the sand and
ignition inhibitor were mixed, then the catalyst and, af-
ter it was evenly distributed, the binder were added to the
mixture. After introducing each of the components, the
mixture was mixed for 2 min.

Before pouring, the casting mold was aligned hori-
zontally with a bubble level to determine fluidity.
A wooden stopper was placed in the pouring cup,
blocking the sprue. Melt was poured into the cup of
the mold at 790—810 °C (50—60 °C above the tem-
perature at which the fluidity was determined). After
filling the cup with melt, the temperature changes on
the thermocouple located in the cup center were moni-
tored. As soon as the temperature of the thermocou-
ple reached the pouring temperature of 740 °C (after
5—15s), the stopper was lifted. The spiral fluidity test
was repeated 4 times. The temperature was monitored
using the BTM-4208SD 12-channel temperature re-

corder (Lutron, Israel). K-type thermocouples were
used.

The hot tearing susceptibility test was carried out
in the molds made of resin bonded sand. The melt was
poured into the molds at 780—800 °C. The maximum
ring width (in mm) at which a crack was detected was
considered as a measure of hot tearing susceptibili-
ty (HTS), assuming that no cracks were detected at
subsequent rings of greater width. The width of the
poured rings ranged from 5 to 25 mm in increments
of 2.5 mm. For each ring width, 2—4 probes were
poured. Also the HTS of the alloys was determined
by the “Dog-bone” test. The sample as a casting has a
massive sprue with side branches of different lengths,
but with the same cross-sectional area [29]. The end
of each branch ended with a ball-shaped thickening,
creating a hindered contraction. The “Dog-bone”
probe was poured into a steel mold with a vertical
parting line. The HTS of the alloys was assessed by
the maximum branch length without cracks. 4 probes
were poured for each alloy at a casting temperature
of 740 °C.

To determine the influence of the mold material
on the surface quality of the castings, two castings of
different configurations were made. The first repre-
sented bars with thickness 10, 20 and 30 mm, con-
nected by a gating system — its scheme is presented in
a work [28]. The second casting was a cylinder 60 mm
in diameter and 135 mm length. Two types of re-
sin bonded sand mixtures, with and without igni-
tion inhibitor addition, were used to manufacture the
mold for cylinder casting. Potassium tetrafluorobo-
rate (KBF,) was used as an ignition inhibitor in the
amount of 0.5 % of the sand mass. No ignition inhi-
bitor was used to obtain castings with bars of varying
thickness. The nature of interaction between the alloy
and the mold material and the effect of inhibitors on
this interaction were evaluated visually by the surface
quality of the castings obtained.

To determine the ignition temperature, rectangular
samples of 10x10x5 mm were cut from ingots. Their
surfaces were grounded with P400 grit sandpaper. A hole
1.5 mm in diameter and 3—5 mm deep was drilled in
each sample, into which the junction of a K-type ther-
mocouple was mounted.

During the tests, alloy samples were placed in a
steel crucible. Using an induction furnace, they were
heated at a constant rate of 5 °C/s. The ignition temper-
ature of the alloy was determined by a sharp increase in
the temperature on the heating curve, and visually by
the appearance of flashes on the surface of the melted
sample.
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Cone-shaped samples were turned from ingots on a
lathe for ignition test of the alloy in the gas burner flame
(Fig. 1, b). The sample was placed on a sheet of asbestos
with the tip upwards. The junction of a K-type thermo-
couple mounted on a tripod was placed 1—2 mm away
from the tip of the cone to fix the flame temperature in
the area of the cone tip. The flame of the gas burner was
directed at the tip of the cone and a countdown began,
simultaneously recording the temperature of the flame,
which was approx. 1300 °C. In the course of the exper-
iment the time to the appearance of the ignition source
was visually recorded.

The molds for producing the “Bracket” casting
were made using 3D printing. The molds were made
using the Binder jetting technology using an SP 500
3D printer (Additive Technologies LLC, St. Peters-
burg). We used a furan-based BindEX+ binder (Prom-
KhimTech LLC, Ivanteevka, Russia). The castings
made of the ML-OPB, EWZ43 and MLI0 alloys were
casted in the printed molds.

A gas burner was placed in a specially prepared
chamber made of refractory bricks, which provided a
persistent flame for a long period of time. The casting
was placed at a fixed distance from the burner, ensuring
its presence in the flame. The temperature of the flame
at the casting location was recorded using a K-type ther-
mocouple and was ~1100 °C. The purpose of the test is
to record the time until at least one ignition source has
appeared.

Results and discussion

Figure 2, a—c represents the microstructure of the
ML-OPB alloy. In the as-cast state (Fig. 2, a) in the
structure of the alloy in addition to the primary den-
drites of the magnesium solid solution o.-Mg there is
a significant amount of eutectic phase, which, accord-
ing to the results of EDS analysis, has the composi-
tion, at.%: Mg—3.9Zn—6.2Y—0.42Zr—0.26Ce—0.09YD.
Based on the calculations performed with Thermo-
Calc, this phase is an LPSO-phase (Mg;,ZnY or
Mg,,Zn,Y,). The precipitates in the center of the
grains are zirconium based solid solution a-Zr. Heat
treatment of the ML-OPB alloy leads to a change in the
morphology of the LPSO-phase to lamellar as well as
the formation of zirconium-rich needle precipitates in
the center of the grain (Fig. 2, b). The long-time hold-
ing at elevated temperature causes the formation of tiny
precipitates at grain boundaries. Due to their small size
it is impossible to determine the composition of this
phase, however, according to the EDS the precipitates
of this phase are rich in Y and Zn.
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Fig. 2, d—fshows the microstructure of the EWZ43
alloy in the as-cast and heat-treated states, as well as
after long-time holding at elevated temperature for
500 h. Earlier in paper [15], the phase composition of
this alloy was investigated and it was revealed that in
the as-cast state in the structure of the alloy in addi-
tion to the a-Mg there is the eutectic MgsNd phase,
which transforms into the Mg, Nds phase after the HT.
Long-time holding at elevated temperature, as in the
case of the ML-OPB alloy, causes the formation of ti-
ny precipitations located on the grain boundaries. The
precipitates are enriched in Y and Nd according to the
results of the EDS.

Fig. 3, a provides the tensile properties of the
ML-OPB and EWZ43 alloys in the HT condition. The
data for the EWZ43 alloy are taken from work [15] for
two aging temperatures (200 and 250 °C). The tensile
properties of the ML10 alloy are also given for com-
parison [30]. The ML-OPB alloy exhibits sufficiently
similar tensile yield strength (TYS) and ultimate ten-
sile strength (UTS) values to those obtained for the
MLI10 alloy, but with a significantly higher elongation
at fracture (El). For the EWZ43 alloy, the maximum
values of TYS and UTS are observed, but the mini-
mum value of El among the materials is under consid-
eration.

Fig. 3, b represents the tensile properties of the
ML-OPB and EWZ43 alloys prior to and after long-
time holding at elevated temperature. Since the tests
in this case were performed on samples of a different
configuration with a small cross-sectional area (see
Fig. 1, a), they cannot be compared with the results
of tensile tests obtained on full-size standard sam-
ples (Fig. 3, a). It can be seen that the ML-OPB and
EWZ43 alloys show a significant decrease in TYS and
UTS after a long-time holding at elevated tempera-
ture. The reduction in El for the ML-OPB alloy is es-
pecially significant (~50 %). At the same time, El for
the EWZ43 alloy remains practically unchanged. Pre-
viously, it was pointed out in microstructure analysis
that long-time holding at elevated temperature leads
to phase precipitation along the grain boundaries, and
it seems that these precipitations, as well as the loss of
lattice coherence between the o-Mg and the precip-
itates released during ageing, cause a decrease in the
mechanical properties.

After the long-time holding at elevated tempera-
ture, the oxide layer on the surface of the ML-OPB
and EWZ43 alloy samples was investigated. Its ele-
ment content, based on the EDS results, is provided
in Table 2. It can be seen that during oxidation of the
ML-OPB alloy sample, Y constitutes the main ele-
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Fig. 2. Microstructure of ML-OPB alloy (a—c) and EWZ43 (d—f) in as-cast condition (a, d), heat-treated condition (b, e),
and after longtime holding at elevated temperature (c, f)

Puc. 2. Muxkpoctpykrypa criiaBoB MJI-OI1b (a—c) u EWZ43 (d—f) B 1utom (a, d) u TepMooOpaboTaHHOM (b, €) COCTOSIHUSIX,
a TakKe MoCJIe JUTMTEbHOM BEICOKOTEMIIePaTy pHOM BBIIEPKKMY (¢, f)

Strength, MPa ElL % Strength, MPa ElL %
350 20 300
a s
i [JuTts
300 = 250
- 15
250
200
200
- 10 150
150
100
100 5
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Fig. 3. Tensile properties of ML-OPB, EWZ43, and MLI10 alloys after heat treatment (in parentheses the aging temperature
of the EWZ43 alloy is indicated) (@), as well as the tensile properties of ML-OPB and EWZ43 alloys before and after longtime
holding at elevated temperature (indicated by the B) at = 300 °C for 500 h ()

Puc. 3. Mexanuueckue cBoiicTBa MpH pacTskeHnu criaoB MJI-OI1B, EWZ43 u MJ110 B TepM006paboTaHHOM COCTOSTHU U
(B cKOOKax yKa3aHa TeMIiepatypa ctapeHus criaBa EWZ43) (a), a takke cimaBoB MJI-OI1b u EWZ43
IO U TIOCJIe IJTUTETbHOU BEICOKOTEMIIepaTypHO BeIaepK KU (¢ 6ykBoit B) mpu £ = 300 °C B Teuenue 500 u (b)
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ment comprising the oxide film apart from Mg. There
is also a higher Yb content in the oxide film than in
the alloy. Regarding the other alloying elements of the
ML-OPB alloy (Zn, Zr and Ce), their concentration
in the oxide film is much lower than that observed in
the alloy.

The predominant elements for the EWZ43 alloy
whose content in the oxide layer is higher than that in
the alloy are Y and Nd. The rest of the alloying elements
are contained in the film either in close or much lower
quantities than in the alloy.

Thus, such elements as Y (for both alloys), Nd (for
the EWZ43 alloy), and Yb (for the ML-OPB alloy) play
a protective role in the oxidation of the ML-OPB and
EWZ43 alloys. The thickness of the surface oxide lay-
er after a long-time holding at elevated temperature was
from 10 to 30 um for both alloys, indicating their high
heat resistance at = 300 °C.

Fig. 4, a shows the amount of released hydrogen
during corrosion tests of the ML-OPB and EWZ43 al-
loys in a medium of a 3 wt.% NaCl aqueous solution.
It should be noted that during the tests, the intensity
of hydrogen release for the ML-OPB alloy increas-
es with time, while for the EWZ43 alloy it is almost
constant. This pattern is not common in less-alloyed
magnesium alloys. For comparison, the results of
similar corrosion tests with the ML10 alloy from work
[31] were added in Fig. 4, a. It can be seen that the cor-
rosion rate is steadily decreasing due to the protective
effect of the layer of corrosion products formed on the
alloy surface.

Typical polarization curves for the ML-OPB and
EWZ43 alloys obtained in a 3 wt.% NaCl aqueous solu-
tion are shown in Fig. 4, b. The average values of the
corrosion potential, the corrosion current density and
the calculated corrosion rate of the alloys under inves-
tigation, as determined from the polarization curves,
are presented in Table 3. The values of these parameters

for the ML5 alloy obtained under similar conditions
are also included in this Table [32]. It can be seen that
the corrosion potential of the ML-OPB and EWZ43
alloys is almost the same and it is much more negative
than that of the AZ91 alloy. At the same time, the cor-
rosion current density is lower for the ML-OPB alloy
compared to the EWZ43 alloy, and it is maximum for
the AZ91 alloy.

Based on the results of hydrogen release corrosion
tests and electrochemical research, the corrosion rates
of the alloys were calculated (see Table 3). It can be seen
that the corrosion rate determined from the electro-
chemical corrosion tests for the ML-OPB and EWZ43
alloys is much lower than that determined in the long-
term immersion corrosion tests (by hydrogen release). In
general, the corrosion rate for the alloys under investiga-
tion, calculated in hydrogen release tests, is 3—4 times
higher than for the most common used commercial
magnesium alloys (AZ91 and ML10).

Typically, the corrosion rate determined by Tafel
fitting of polarization curves is equal to or lower than
the corrosion rate determined by long-term immersion
test (by hydrogen release), in particular, this pattern can
be observed for the AZ91 alloy (Table 3). This is due to
the fact that during the corrosion process, the resulting
corrosion products cover the surface of the sample and
thus prevent its contact with the corrosive environment.
A possible reason to explain the increasing corrosion
rate of the ML-OPB alloy as the corrosion process oc-
curs is due to the microstructure of the alloy under in-
vestigation (see Fig. 2, b). Thus, the LPSO phase, which
serves as cathode with respect to the a-Mg, is found in
a structure in the form of coarse plates. During the cor-
rosion process, the o.-Mg dissolves and the surface area
of the cathode phase increases [33], which leads to an
increase in the corrosion rate.

Fig. 5 represents the values of fluidity obtained by
the spiral test, hot tearing susceptibility (HTS) obtained

Table 2. The elements content at the surface of ML-OPB and EWZ43 alloys samples after longtime holding
at elevated temperature obtained by Energy-dispersive X-ray spectroscopy

Tabauua 2. ConepxxaHue 2JIEMEHTOB B OKCUIHOM mieHe oopa3uoB cruiaBoB MJI-OI1b u EWZ43
rocJjie JJIMTEeJIbHOM BBICOKOTEMITEPATYPHOI BhIIEPKKH Mo pe3yabraraM PCMA

Content, at.% / wt.%

Alloy
Mg Y (0) C Nd Zn Zr Ce Yb
ML-OPB  65.8/59.3 6.4/21.3 21.0/12.5 5.9/2.6 — 0.18/0.43  0.18/0.59  0.10/0.53  0.39/2.47
EWZ43 58.1/53.1 49/16.4 289/17.4 59/2.7 1.7/9.4 0.05/0.13  0.16/0.54 — —
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Table 3. Results of electrochemical corrosion tests and hydrogen evolution corrosion tests

for ML-OPB, EWZ43, ML10 and AZ91 alloys

Tabnuia 3. Pe3yabraThl 2J€KTPOXNUMUYECKUX KOPPO3MOHHBIX UCITBITAHU I
1 KOPPO3UOHHBIX UCITBITAHUI TTO BbIAETeHUI0 Bogopoaa njs criaasoB MJI-OI1b, EWZ43, MJ110 u MJI5

Electrochemical corrosion tests SO Ul
by hydrogen release
Alloy
Corrosion Corrosion current Corrosion rate, Corrosion rate,
potential, V density, uA/cm2 mm/year mm/year
ML-OPB —1.53+0.03 744 +£69 1.69 £0.16 6.93 £0.39
EWZ43 —1.56 £ 0.03 94.2 £26.5 2.12£0.60 6.27 £1.05
MLI10 [31] — — - 0.95+0.14
ML5 [32] —1.4240.02 115.44+20.8 247 £0.45 2.10 £0.08
H, evolution, mL/cm? o Current density, mA/cm?
—8— ML-OPB a E b
1 —O©— EWZ43
° ]
g —4A— MLI10 1 01 .
] EWZ43
10 -
] ML-OPB
-1
10 =
10+
10°

—T T T T T T T T T T T
0 10 20 30 40 50
T, h

—71 r 1 - 1 . 1 - 1 - 17
20 -19 -18 -17 -16 -15 -14 -13
Potential, V

Fig. 4. The amount of hydrogen released during corrosion testing of ML-OPB, EWZ43, and ML10 alloys
in a 3 wt.% NaCl aqueous solution () and polarization curves for ML-OPB and EWZ43 alloys

in a 3 wt.% NaCl aqueous solution (b)

Puc. 4. KonnuecTBO BbIAEIMBIIETOCS BOAOPO/AA B X0[I¢ KOPPO3MOHHBIX UcnbiTaHuli criiiaBoB MJI-OI1B, EWZ43 u MJ110
B cpene 3 Mac.%-Horo BogHoro pactBopa NaCl (a) u moasipusalimoHHbIe KpuBbie 111 criiiaBoB MJI-OI1b u EWZ43

B cpene 3 mac.%-Horo BogHoro pactBopa NaCl (b)

by the ring and “Dog-bone” tests of the ML-OPB and
EWZ43 alloys at a pouring temperature of 740 °C.
It can be seen that the value of fluidity of the EWZ43
alloy coincides with that obtained for the AZ91 alloy
(it was determined under similar conditions [32]), and
the ML-OPB alloy exceeds the fluidity of these alloys
(Fig. 5, a). It seems that the maximum fluidity of the
ML-OPB alloy under consideration is associated with a
large amount of eutectic in its structure, as well as with

a fairly short freezing range of alloys with the LPSO-
phase [21].

Fig. 5, b shows the results of determining the HTS
of alloys by the ring test. There are no confidence in-
tervals for a number of alloys since there was a high
degree of reproducibility of the results and for each
ring width all three castings showed the same result.
For the ML-OPB and EWZ43 alloys, the HTS, which
indicates the maximum ring width at which the crack
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appears, was found to be 15 and 17.5 mm, respectively.
At the same time, according to OST (Industrial Stan-
dard) 1 90020-71 the HTS for the industrial AZ91 al-
loy is 30 mm. That is, the resistance to formation of
hot cracks in the studied alloys is significantly higher
than that of the AZ91 alloy. The reason for this is most
likely that the AZ91 alloy exhibits a rather long freezing
range, whereas the ML-OPB and EWZ43 alloys have
a fairly short freezing range, moreover, their structure
contains more eutectic. Because of the relatively short
freezing range, the HTS of the ML10 alloy, accord-
ing to OST (Industrial Standard) 1 90020-71, is 15—
20 mm, i.e. comparable to the alloys under investiga-
tion. Also, the low HTS of the ML-OPB and EWZ43
alloys is promoted by the fine grain size, which is en-
sured by the presence of zirconium in the alloy [34].

Fig. 5, ¢ represents the HTS values for the
ML-OPB, EWZ43 and MLI10 alloys obtained by the
“Dog-bone” test. For the ML-OPB alloy, a complete
absence of cracks was observed, indicating mini-
mal HTS. The maximum crack-free branch length
for the AZ91 alloy was 50 mm [32], which confirms
the conclusions that the tendency to form hot cracks
in the ML-OPB alloy is much lower than in the most
common commercial cast magnesium alloy — AZ91.
The EWZ43 alloy occupies an intermediate position
between the specified alloys.

Rectangular bar castings with various thicknesses of
the ML-OPB and EWZ43 alloys were poured into the
molds made of resin bonded sand. The element con-
tent in the oxide film of the bars as determined by EDS

is shown in Fig. 6. The oxide film in all cases mainly
contains C, O, Mg, and Y. The content of C in Fig. 6 is
not given and can be calculated as a difference between
100 % and the contents of the other elements shown in
the charts. In the MgO—Y,0Oj5 system no ternary phas-
es are formed [35], therefore it can be assumed that the
film structure is composed of a mixture of MgO and
Y,05 phases. The ratio of Mg to Y in the film depends
on the thickness of the bar. Thus, for a 10 mm thick
bar, the magnesium content in the film is higher than
the yttrium content, whereas in 20 and 30 mm thick
bars the situation is reversed and the yttrium con-
tent is 1.5—2.0 times higher than that of magnesium.
The quantitative ratio of the phase fractions cannot be
established because the thickness of the film is shallow
and the alloy of the bar under oxide layer affects the
analysis result. That is, the higher magnesium content
in a 10 mm thick bar is related to the fact that it bears a
thinner oxide film. The composition of the oxide film
for the ML-OPB and EWZ43 alloys is quite similar.
The only difference is in the presence of a small amount
(less than 1 at.%) of Nd in the EWZ43 alloy film. The
remaining alloying elements (Zn, Zr, Ce and Yb) are
virtually absent in the oxide film and do not affect the
interaction of the ML-OPB and EWZ43 alloys with the
resin bonded sand.

On the surface of cylindrical ingots with a diame-
ter of 60 mm, after pouring into the molds without a
ignition inhibitor in the resin bonded sand, separate
areas of metal-mold interaction are observed, which
is expressed as the appearance of defects in the form

Fluidity, mm HTS, mm HTS, mm
0 100
a b c
5001 %04
400 -
60
300 1
40 1
2001
100- 207
0- 0-

Alloy

Alloy

Alloy

Fig. 5. Fluidity (a), hot tearing criterion obtained by the ring probe (b) and hot tearing criterion obtained by the «Dog-bone»

test (c) for ML-OPB, EWZ43 and AZ91 alloys

Puc. 5. 2KuakorekydecTs (a), YMCIIO TOPSICITIOMKOCTH T10 KOJIBIIEBOI ITpobe (h) U TOpSIIeIOMKOCTD IT0 IIpooe «Apda» (c)

s crutaBoB MJI-OI1B, EWZ43 u MJI5
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Fig. 6. The elements content in the oxide layer of ML-OPB (a) and EWZ43 (b) alloys bars with different thicknesses

Puc. 6. CoznepxxaHue 3J1eMEHTOB B OKCUIHOM MJIeHe OpYCKOB pa3auyHOi ToJuHbI 15 criiaBoB MJI-OI1b (a) u EWZ43 (b)

of cavities. When KBF, was used as an inhibitor, there
were practically no ignition sources on the surface of
the cylindrical ingots. This pattern was observed for
both alloys studied.

We determined the ignition temperature for the al-
loys ML-OPB, EWZ43, as well as ML10. Fig. 7, a shows
a typical heating curve of the ML-OPB alloy sample in
air. It can be seen that during heating at 1077 °C there is
a sharp increase in a temperature associated with addi-
tional heat release due to ignition of the sample. It should
be noted that not in all cases the thermocouple readings
were able to fix the ignition temperature, so at the same
time we monitored the ignition visually.

Fig. 7, b shows the ignition temperatures of the
ML-OPB, EWZ43 and MLI10 alloys. It can be seen
that the minimum ignition temperature of 878 = 73 °C
is observed for the MLI0O alloy. The ML-OPB and
EWZ43 alloys exhibit a higher value of 1022 * 36 and
1054 £ 33 °C, respectively. Thus, the presence of Y in
ML-OPB and EWZ43 alloys significantly increases
their ignition temperature. Upon that, the EWZ43 alloy,
which has a lower Y content than the ML-OPB alloy,
exhibits the maximum ignition temperature. Apparent-
ly, the higher ignition temperature of the EWZ43 alloy
is due to the presence of Nd. That is, Nd, as well as Ce
[5, 8], contributes to the formation of a dense oxide film
at lower Y concentrations.

Fig. 8, a illustrates a image of a cone-shaped
ML-OPB alloy sample in the flame of a gas burner af-

ter 6 min from the beginning of the experiment. It can
be seen that the sample has slightly changed its shape
as a result of melting, but no ignition sources can be
observed. Once 6 min had elapsed, the cone-shaped
sample came into contact with the burner, whereupon
it instantly lost its shape and flowed over the surface
(Fig. 8, b). This suggests that the sample was primarily
liquid and that its shape was preserved only due to the
presence of a sufficiently strength oxide film. A similar
behaviour was observed for the sample of alloy EWZ43,
which, even after complete melting, could not show any
ignition. As for the MLI10 alloy, the average ignition
time for it turned out to be 240 £ 63 s. The ignition
sources on the cone-shaped sample made of the ML10
alloy can be seen in Fig. 8, ¢ and d. Thus, it can be
stated that the ignition resistance of the ML-OPB and
EWZA43 alloys is extremely high and greatly exceeds
that of the ML10 alloy.

Fig. 9 illustrates images of castings made of the
ML-OPB, EZW43 and MLI10 alloys, taken after 100 s
from the start of ignition tests in the flame of a burner
simulating an open fire on an aircraft. For the ML10
alloy (Fig. 9, ¢) the first ignition sources were observed
70 s after placing the casting in the burner flame. And
already in the 100th second the multiple ignition sourc-
es can be seen. After the burner flame was turned off
and the casting came into contact with the atmosphere,
there was a bright flash and the MLI10 alloy casting
burned completely (Fig. 9, d). In the ML-OPB and
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EWZ43 alloys (Fig. 9, a and b), no ignition sources
appeared even after complete melting of the casting
and melt spreading. It can be seen that the oxide films

t,°C
.. a
1200 4 Ignition start
1000 1077 °C
800
600
400
200 T T T T T T T T T T T T
0 50 100 150 200 250 300 T1,s

formed on the ML-OPB and EWZ43 alloy castings are
quite strength and partially preserve the shape of the
casting, forming a kind of cover from which the alloy

Ignition temperature, °C

1100

1050 -

1000 -

950 -

900
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800 -
Alloy

Fig. 7. The heating curve for ML-OPB alloy sample in air () and ignition temperature
of ML-OPB, EZW43, and ML10 alloys samples (b)

Puc. 7. KpuBas HarpeBa o6pa3siia u3 criiiasa MJI-OI1b Ha Bo3nyxe (a) ¥ TeMIiepaTypbl BO3ropaHust 00pa3ioB
u3 criaBoB MJI-OI1B, EZW43 u MJT10 (b)

Thermocouple

Burner

f \
Siech&n )

[Enition w8
source

Fig. 8. The photographs of conical specimens made of ML-OPB (a, b) and ML10 (¢, d) alloys during flammability tests

in a gas burner flame

Puc. 8. ®otorpaduu koHycHbIX 06pa31ioB u3 crjaBoB MJI-OI1b (a, b)) u MJT10 (¢, d) Bo BpeMsi MCTTBITaAHW I HA BO3TOpaHUE
B (hakesie ra30BOii rOpeKu
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Fig. 9. The photographs of ML-OPB (a), EWZ43 (b) and MLI0 (c) alloys castings after 120 s of flammability tests
in a gas burner flame simulating an open fire on an aircraft, and combustion of a ML10 alloy casting at the end

of the flammability experiment (d)

Puc. 9. ®ororpaduu ommuBok u3 criaBoB MJI-OI1b (a), EWZ43 (b) u MJI10 (c) io mpomectBuu 120 ¢ UCTIBITAHW I
Ha BO3rOpaHue B TJIAMEHU TOPETKU, UMUATUPYIOIIEM OTKPBITHIH IToXap Ha JieTaTeJIbHOM armnapare,
U TopeHure oIuBKY u3 criaBa MJI10 mo okoHuaHum skcriepuMenTa (d)

flowed out. Upon that, the oxide films are kept heated
to a high temperature by the burner flame and become
glowing. After switching off the flame, the ML-OPB
and EWZ43 alloys did not combust, unlike the ML10
alloy. These tests confirm that the ignition resistance of
the ML-OPB and EWZ43 alloys is significantly higher
than that of the ML10 alloy.

Conclusion

1. The microstructure of the ML-OPB alloy in the
as-cast state consists of a a-Mg and LPSO-phase. As
a result of HT, the morphology of the LPSO-phase
changes to a lamellar one. Long-time holding at ele-
vated temperature of samples made of the ML-OPB
alloy (r = 300 °C; t = 500 h) leads to the formation of
precipitates on the grain boundary. The microstructure
of the EWZ43 alloy consists of a o.-Mg and the Mg;Nd
phase, which transforms into the Mg, Nds phase du-
ring the HT and its amount decreases significantly.
The long-time holding at elevated temperature of the
alloy also causes the formation of the grain boundary
precipitates.

2. EWZ43 alloy significantly exceeds the tensile
strength of the ML-OPB and ML10 alloys, but it exhib-
its small values of El (about 5 % in T6 condition). The

tensile properties of ML-OPB and MLI10 are similar,
but ML-OPB exhibits higher El. It was found that af-
ter a long-time holding at elevated temperature (r =
= 300 °C; © = 500 h) the strength of the ML-OPB
and EWZ43 alloys decreased, especially the El for the
ML-OPB alloy (twice). The reason for the decrease in
properties is likely to be due to the precipitation of phas-
es at the grain boundaries.

3. Long-time holding at elevated temperature of
the alloys resulted in the formation of a Y-rich oxide
film on the surface of the ML-OPB and EWZ43 al-
loy samples. Likewise, the Yb and Nd oxides in the
ML-OPB and EWZ43 alloys, respectively, can play a
protective role.

4. The corrosion rates of the ML-OPB and EWZ43
alloys in a 3 wt.% NaCl solution, determined during
immersion corrosion test by the amount of hydrogen re-
leased, were 6.9 and 6.3 mm/year, respectively, which is
much higher than those of the most common magnesium
alloys — AZ91 and MLI10 (2.1 and 0.9 mm/year, respec-
tively). Thus, castparts made of ML-OPB and EWZ43
alloys require additional protection against corrosion.

5. The fluidity of ML-OPB and EWZ43 alloys was
not lower than that of commercial magnesium alloys.
The HTS of the ML-OPB and EWZ43 alloys is com-
parable to the HTS of the shot freezing range ML10
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alloy and lower than that of the long freezing range
AZ91 alloy. The specified castability properties for
the ML-OPB alloy were slightly higher than for the
EWZ43 alloy.

6. The study of the interaction of the ML-OPB and
EWZ43 alloys with the resin bonded sand revealed that a
ignition inhibitor is not necessary for castings with a wall
thickness of 30 mm or less. This high resistance of the
oxide film is explained by the formation of yttrium oxide
in the surface layers of the oxide film of the casting. At
the same time, a ignition inhibitor (e.g. KBF,) may be
required when producing castings with a wall thickness
of 60 mm or more.

7. The ignition temperature for the ML-OPB and
EWZA43 alloys was 1022 and 1054 °C, respectively, which
is significantly higher than that for the MLI10 alloy
(878 °C). Tests of the alloys in the flame of a gas burner
on the cone-shaped samples indicated that the ML-OPB
and EWZ43 alloys practically do not ignite and that the
MLI10 alloy ignites after a certain period of time, even
prior to the complete melting of the sample. During the
tests of standard aircraft castings of the “bracket” type,
made of test alloys, in an open flame of a gas burner,
simulating a fire on the aircraft, it was found that cast-
ings of the ML-OPB and EWZ43 alloys do not ignite
until they are completely melted. At the same time the
casting of the ML10 alloy ignite at temperatures close to
the melting point.
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