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Abstract. Purpose. Determining the laws of the complex effect of modification on the AlI-Mg—Si—Cu AL28 alloy structure
formation and mechanical properties in cast and heat-treated states and optimization of the parameters of the complex modifying —
heat treatment to obtain a new material with a high complex of properties based on the alloy under study. Methodology. The
microstructural, X-ray, spectral analysis, hardness measurement, tensile tests are used. The studies were carried out according to
standard methods on the equipment that passed the state verification. Originality. The determination of the structure formation of the
Al-Mg—Si—Cu AL28 alloy under the conditions of the complex effect of 0.05 % Sr and 0.05 % TiCN modification and heat
treatment was carried out for the first time. Practical value. The established regularities made it possible to optimize the qualitative
and quantitative composition of the modification and the thermal and temporal parameters of heat treatment; as a result, a material
with a significantly increased complex of mechanical properties was obtained.
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MOJU®PIKOBAHOTI'O CIIVIABY CUCTEMMU Al-Mg-Si-Cu

KYILIOBA B. 3., 0. m. u., npog.,
AIOTIOBA T. A2, k. m. 1., doy.,
LIBELb O. B, k. m. n.,
CTOPOXKO K. [.%, cTynent

1" Kabenpa marepianosmascrea im. 10. M. Tapama-XKosmipa, Hamionansua Meranyprifina akagemis Yxpaimu, np. Darapima, 4,
49600, Tuinpo, Ykpaina, ten. +38 (056)374-89-36, e-mail : kaf.material@metal.nmetau.edu.ua, ORCID ID: 0000-0003-2413-679X
2 Kaenpa marepianosnascrsa im. F0. M. Tapana->KoBripa, Hamionansaa Metanypriiina akagemis Yipaiuu, np. Darapina, 4, 49600,
Juinpo, Ykpaina, ten. +38 (056)374-82-66, e-mail: kaf.material@metal.nmetau.edu.ua

3 TIAT «IHTEPITAMII. HixHboQHIMPOBCHKHI TpyGOIpoKaTHMII 3aBom», Byl Kamrramosa 35, 49000, Jluinpo, Ykpaina,
tei. +38 (056)374-82-66, e-mail: kaf.material@metal.nmetau.edu.ua

4 Kaenpa matepianosuascrsa im. FO. M. Tapana-)Kosuipa, Hanionanssa Meranypriiina akanemis Yxpainu, np. larapina, 4, 49600,
Juinpo, Ykpaina, tein. +38 (056)374-82-66, e-mail: kaf.material@metal.nmetau.edu.ua

AHHOTaUisi. Mema. Bu3HaueHHS 3aKOHOMIPHOCTEH KOMIUIEKCHOTO BIUIMBY MOIM(IKyBaHHS Ha CTPYKTYPOYTBOPEHHS 1
MexaHiuHI BiactuBocTi cmmaBy AJI28 cucremun Al-Mg—Si—Cu B smuroMy i TepMidHO OOpOOJIICHOMY CTaHax Ta ONTHMIi3alis
napaMeTpiB KOMIUIEKCHOI 00poOku «MoaudikyBaHHsS — TepMiyHa 0OpoOKay [Uisi OTPHUMaHHS HOBOI'O MaTepiany 3 IiJBHUIICHUM
KOMIUICKCOM BJIACTUBOCTEH Ha OCHOBI JOCITIJHOTO CIiaBy. Memoouka. Bukopuctani MiKpOCTPYKTYPHHH, PEHTTCHOCTPYKTYPHHH,
PEHTIeHOCHeKTPAIbHUIT  aHalli3, BUMIPIOBAHHS TBEPIOCTi, BUIPOOYBaHHS Ha pPO3TArHEHHs. JlocnmifpkeHHs mpoBeaeHi 3a
CTaHJapTHUMU METOJMKaMH Ha OOJiagHaHHI, 110 mpoiuuio aepxmepeBipky. Haykosea noseusna. BuzHadeHHs 3aKOHOMIipHOCTEH
CTpyKTypoyTBopeHHS B ciuiaBi AJI28 cucremn Al-Mg—Si—Cu B ymoBax KoMIuIekcHOTo BBy Moxudixkysanus 0.05 % Sri0.05 %
TiCN Tta Tepmiunoi 00poOkm mpoBexeHo Bnepme. IIpakmuuna 3nayumicms. BcTaHOBIEHI 3aKOHOMIPHOCTI JTO3BOJIMIIN
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ONTHMI3yBaTH SIKICHUHA Ta KUTbKICHMH CKiaJ MOAMG(IKYBaHHS Ta TEPMOYACOBI MapaMeTpud TepMiuHOiI OOpoOKM, B pe3ynbTarTi
OTpPHUMaHHI MaTepia 3 iCTOTHO IiBUIIEHUM KOMIUIEKCOM MEXaHIYHHX BIACTUBOCTCH.

Kniouosi cnoea: antoMiHi€BHI CIUIaB: CTPOHLIM: KapOOHITPUI TUTAHY: FAPTYBaHHS: CTAPiHHS

®OPMHUPOBAHUE CTPYKTYPhI U CBOMCTB
MOJNPUIINPOBAHHOI'O CINIABA CUCTEMBI Al-Mg-Si-Cu

KYILIOBA B. 3., 0. m. u., npog.,
AIOTIOBA T. A2, k. m. 1., doy.,
LIBEL A. B.°, k. m. u.,
CTOPOXKO K. [1.*, cmyoenm

"
" Kagempa wmarepuanoBenenus um. 0. H. Tapama-)Kopuupa, HarmoHanbHAs MeTaTyprudyeckas akageMus YKpauHbI,

np. [arapuna, 4, 49600, Juunpo, VYkpawmna, ten. +38 (056)374-89-36, e-mail: kaf material@metal.nmetau.edu.ua,
ORCID ID: 0000-0003-2413-679X

? Kadenpa marepuanosenenns um. F0. H. Tapana-’Kopuupa, HarioHansHas MeTaulypruyeckas akaaeMus YKpauHsl, 1p. Larapuua,
4, 49600, Iaunpo, YkpanHa, Tei. +38 (056)374-82-66, e-mail: kaf.material@metal.nmetau.edu.ua

> MIAO «MHTEPITAMII. HmxHeHenmpoBCKuii TpyGONpoKaTHbIi 3aBoay, yin. Kamranosas 35, 49000, dunmpo, YkpauHa,
tei. +38 (056)374-82-66, e-mail: kaf.material@metal.nmetau.edu.ua

4 Kagenpa marepuanosenenus um. 0. H. Tapana-)Kosuupa, HanmonansHast Metayutyprudeckas akaaeMmusi YKpaussl, np. ['arapuna,
4, 49600, Muunpo, Ykpanna, tea. +38 (056)374-89-36, e-mail: kaf.material@metal.nmetau.edu.ua

Annotauus. Ifens. Onpenenenne 3aKOHOMEPHOCTEH KOMIUIEKCHOTO BIIMSHAS MOAMGHIMPOBAHUS Ha CTPYKTYpOOOpa3oBaHue 1
MexaHndeckue cBoiicta ciuiaBa AJI28 cucremsr AI-Mg—Si—Cu B mnToM U TepMHIecKH 00pabOTaHHOM COCTOSIHUSIX U ONTUMHU3AINS
IapaMeTpoB KOMIUIEKCHOH 00paboTKH «MOIMGHUIUPOBAHHE — TepMHUecKas 00pabOoTKa» Ul IOMyYeHHs HOBOTO MaTepuaia C
MOBBIIICHHON KOMIUIEKCOM CBOWCTB Ha OCHOBE HCCIeNyeMoro cruraBa. Memoouka. Vcrionb30BaHBI MHKPOCTPYKTYPHBIH,
PEHTTEHOCTPYKTYPHBIH, PEHTI€HOCTIEKTPANIbHBIM aHannW3, H3MEPEeHHE TBEPAOCTH, HCIBITaHUS Ha pacTsbkeHue. MccrnenoBaHums
MIPOBEAEHBI 10 CTAaHJAPTHBIM METOAMKAM Ha O00OpYAOBaHMH, TNpOINEeAIIeM rocnoBepky. Hayunaa noeusna. OrmpeneneHue
3aKOHOMEpHOCTeH CTpyKTypooOpa3oBanusi cruaBa AJI28 cucrembl Al-Mg—Si—Cu B YCIIOBHSIX KOMIUICKCHOTO BO3JCHCTBHUS
mozudunuposanus 0.05 %Sr u 0.05 % TiCN n tepMmudeckoil 00pabOTKH NpOBEiCHbI BIiepBble. [Ipakmuueckas 3HAUUMOCHb.
VYcraHOBIEHHBIE 3aKOHOMEPHOCTH IO3BOJIMJIM ONTHMU3MPOBATh KAYECTBEHHBINH M KOJIMYECTBEHHBIH COCTaB MOMU(DUIMPOBAHHUS U
TEpPMOBPEMEHHBIC MapaMeTpbl TePMHUUECKOM 00paboTkh, B pe3yibTaTe IONYyYeH MaTepHal €O 3HAYUTEIBHO ITOBHIIICHHBIM
KOMIUIEKCOM MEXaHHYECKHX CBOMCTB.

Knrouesvie cnosa: amOMAHUAEBBIA CIl1aB, CTpOHIIHfI; Kap60HI/ITpI/III TUTaHa; 3aKajIka; CTapECHUC

there is no information about the complex modification
effect of strontium and titanium carbonitride, with

Improving the quality and reliability of products and following heat treatment on AI-Mg—-Si—Cu alloys. It does
constructions is one of the most important tasks facing not allow to purposefully control their structure

Introduction

metallurgists and machine builders. The decision of these formation to produce new high-tech materials with an
problems is directly related to the improvement of the increased level of properties in order to manufacture
properties of structural materials, including various high-quality products.

aluminum based alloy, both casting and deformable Thus, the establishment of structure formation
alloys [1]. patterns of heat-treated complex microalloyed by

Modification is one of the most effective ways used Sr + TiCN Al-Mg-Si—Cu alloys is an actual task.
to produce alloys, in particular, based on aluminum, with
a unique set of properties, first of all it is about Purpose
simultaneously increasing the strength and plastic
properties of the material due to the formation of a
favorable structure and phase composition [2].

There is data about the positive effect of the
strontium modification on aluminum alloys [3], which
indicate an increase in plasticity without an increase in
strength, and a positive effect on the structure formation
of these alloys of fine powders TiCN is also known. The
effect of heat treatment on the structure formation of
aluminum alloys is also well studied [4; 5]. However,

The purpose of the work is to determine the patterns
of the complex effect of modification on the structure
formation and mechanical properties of the Al-28
Al-Mg-Si—Cu alloy in cast and heat-treated states to
obtain a new material with an increased complex of
properties based on the research alloy.
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Material

The object of the study is an aluminum alloy
conditionally named Al-28, modified with 0.05 % TiCN,
and a complex of 0.05 % Sr + 0.05 % TiCN (Table 1).

Table 1
The Chemical Composition of the Al-28 Alloy

Chemical element, % mass.

Al Si Mg Cu Fe Sr TiCN
1,7... 5,1... 0,5-0,6 | <0,6 — —
1,8 5,4
1,7... 51... 0,5-0,6 <0,6 | 0,04-0,06 0,04—0,06
1,8 5.4
° 1,7... 5,1... 0,5-0,6 | <0,6 _ 0,04-0,06
S 1,8 5,4
e
Methodology and results
The microstructural, X-ray, spectral analysis,

hardness measurement, tensile tests are used. The studies
were carried out according to standard methods on the
equipment that passed the state verification.

The structure formation and phase composition of the
system alloy (conventionally called
at

Al-Mg-Si—Cu
Al-28) were studied
(Fig. 1, 2, Table 2).

various cooling rates

Fig. 1. Microstructure of the AlI-28 alloy (x100), etching
= 0.5 % HF: a — cooling rate ~ 0.1 K/s;
b — cooling rate ~ 100 K/s
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Fig. 2. Intermetallic phases in the Al—28 alloy
(%400), etching 0.5 % HF: I — (Al, Si, Fe),; Il — Mg,Si;
11 — CuMgAl,; IV — FeAl;

The structure of the unmodified alloy Al-28 which
crystallized at different cooling rates, consists of weakly
branched, rounded in cross section, a-Al dendrites solid
solution and various intermetallic compounds.

By the methods of color selective etching, spectral
and structural analysis the phase identification was
carried out. Crystals of skeletal or plate type, poorly
digestible, identified as phase type (Al, Si, Fe)
(presumably AlsSiFe or AlgSiFe,). Bluish-colored, finely
differentiated crystals, forming with a-Al cooperative
and conglomerate eutectics, defined as the Mg,Si. The
light brown phase, non-uniform in color, crystallizes in
the form of plate crystals with a more round section
boundary than (Al Si, Fe) identified as CuMgAl,
(or CuMg,Alg). Eutectic is a three-phase structural
component: (a-Al-Mg,Si—Al;SiFe (AlgSiFe,)).

Table 2
The Phase Composition of the Al-28 Alloy
Phase Lattice type Lattice parameter , A
Mg,Si Cubic a=6,39
. a=4743,8=1545,
FeAl; Orthorhombic c=8.07
CuMg4A16 — —
CusMgeAl; Cubic a=12,12
(Al, Si, Fe) Hexagonal -
o-AlLOs Hexagonal a=4775,¢c=6,49
MgALO4 Cubic a=8,0831
.. a=9,305,8=5,64,
Mg—AI—-0) Monoclinic c=12.0
B-AlMg Cubic a=2828
(Al, Cu, Mg, Si) Hexagonal c=4,05,a=10,04

The most effective influence on the microstructure
and mechanical properties of the A1-Mg—Si—Cu Al-28
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alloy makes complex modification of 0.05 % Sr + 0.05 %
TiCN (Fig. 3).

a
(T TR i
T h by E ,=..v'\.~j‘ -

Fig. 3. Microstructure of the AI-28 alloy modified by
0.05 % TiCN + 0.05 % Sr (x100), etching 0.5 % HF:
a— Veooling = 0.1 K/s; b —V cooling ~ 100 K/s

The eutectic in the modified Al-28 alloy is three-
phased: a-Al-Mg,Si—Al;SiFe (AlgSiFe,). The addition of
the 0.05 % Sr + 0.05 % TiCN to the alloy leads to the
precipitation of the iron-containing phase mainly
independently or at the eutectic boundary
(a-Al-Mg,Si) — a-Al dendrites, or in o-Al dendrites.
Strontium in eutectic is not detected. It dissolves in the
matrix.

The primary crystals of oa-Al with the adding of
modifiers do not change the shape of growth and grow in
the form of dendrites with varying degrees of branching
and a different cross-section of the branches. The Mg,Si
eutectic component in the modified 0.05 TiCN + 0.05 Sr
alloy grows in the form of rounded or skeletal crystals.

The structure is formed with a high degree of co-
operativity of the eutectic and the predominance of
rounded interfaces in the Mg,Si, which has a beneficial
effect on the hardness of the alloy (Table 3).

Table 3
Influence of Modification on Al-28 Alloy Hardness
Alloy Hardness, HB
Al—28 56
Al=28 +0.05 %TiCN 65
Al=28 + 0,05 %Sr + 0.05 %TiCN 62

The regularities of the structure and properties
formation of the alloy Al-28 (0.05 % Sr and 0.05 %
TiCN) during heat treatment are established. The heat
treatment was carried out according to the regyme:
heating temperature for — (ty) — 535 °C, holding for
3.5 hours, cooling — in water; aging temperature (t,) —
175 °C, holding for 3 hours. The microstructure of the
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Al-28 alloy (0.05 % Sr + 0.05 % TiCN) after the heat
treatment according to the overhead mode is shown in
Figure 4.

TR R

Fig. 4. The general microstructure of the Al-28 alloy (a),
modified with 0.05 % Sr + 0.05 % TiCN, after heat
treatment (x100) and intermetallic phases: Mg,Si (b),
(A1, Si, Fe) (c) x500, etching — 0.5 % HF

The hardening during aging of these alloys is mainly
due to the precipitation of dispersed Mg,Si particles
from a solid solution. There is a significant
spheroidization and grinding (Fig. 4), which favorably
influences the formation of the final structure of the
material. The iron-containing phase in does not
experience significant changes — only a slight grinding
of it and dissolving a small amount of small crystals is
observed.

The results of measurements of the mechanical
characteristics of the alloy AL28 are shown in Table 4.

Table 4
Mechanical properties made of alloy Al-28

Alloy o, MPa 3, %
Unmodified 200 1,0
0,05 %Sri 0,05 %TiCN modified 220220 220 1,6 2,0 2,0

Thus, the modification of the Al-28 alloy with a
complex of 0.05 % Sr + 0.05 % TiCN leads to an
increase in the ultimate strength in the heat treated state
by about 10 %, and plasticity, by 2 times as compared to
the initial unmodified state.

Conclusions

1. The structure formation and phase composition of
the AlI-Mg—Si—Cu system (conventionally named AL28)
alloy at various cooling rates were studied.

2. The most effective influence on the microstructure
and mechanical properties of the AL28 alloy is made by
the complex modification of 0.05 % Sr + 0.05 % TiCN.
As a result, a structure with a high degree of co-operative
eutectics and a predominance of rounded sections of the
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section in the framework of Mg,Si is formed, which has A1-Mg—Si—Cu alloys change in the process of
a beneficial effect on the mechanical characteristics of modification. No triple eutectics involving strontium

the material. were found in the studied alloys.

3. In the modified A1-Mg—Si—Cu alloys, the 4. As an optimum, we can recommend the complex
sequence of phase transformations typical for the initial treatment of “modifying 0.05 % Sr + 0.05 % TiCN + heat
alloy is preserved, only their temperature ranges change. treatment” of the AL28 alloy, which provides an increase
As a result the phase composition and quantitative ratios in ultimate strength by about 10 %, and plasticity —

of the intermetallic phases in the research 2 times compared to the original unmodified state.
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