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Special features of the phase composition
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The aluminum alloys of the Al-Zn—Mg-Cu system were studied. As a modifier, a
composition based on nanodispersed powders of titanium and boron with fractions of up to
100 nm, obtained with plasma-chemical synthesis, is proposed. The structure, phase com-
position, and properties of the test samples were studied before and after modification
with methods of optical microscopy, X-ray diffraction analysis, and X-ray spectral analy-
sis. In the modified B95 and B96 alloys, grain refinement and structure stabilization were
achieved. Determination of the crystal lattice parameters of the alloys showed an increase
in the period of lattice of the modified samples by 1.02 % . The microhardness of a-Al, the
solid solution, was increased from 1080 to 1500 MPa. The phase composition of B95 and
B96 alloys is represented with the intermetallic phases CuAl,, MgZn,;, Mg,Zn;, Mg,Si,
FeAl;, TiB,, TiAl;, as well as phases of complex composition. The maximum grain refine-
ment and increase in the mechanical properties of the alloys were achieved upon modifica-
tion of 0.05 % Ti and 0.005 % B, which is explained by the formation of dispersed
strengthening intermetallic phases of complex composition in the center of the grains.

Keywords: aluminum alloys, structure, phase composition, intermetallic phases, nano-
modifier, titanium, boron.

Oco6aueocti (hazororo ckaaxy i CTPYKTypH ajlOMiHieBHX cmiaBiB momudikoBaHUX
TYromJIaBKHMMHN HaHoOKommosuniamu. H.€ Kaninina, J.B.I'tywrosea, O.I.Boponkos,
A.D.Canin, O.B.Kaninin, T.B.Hocosa, O.B.Bondapenko.

IMocaigxeno anrominiesi crasu cucremu Al-Zn—-Mg—Cu. B srocri mogudikaropa sampo-
IIOHOBAHO KOMIIO3HIIiI0 HA OCHOBI HAHOAMCIEPCHUX MHOPOIIKiB TuTaHy i OGopy dparmii mo
100 mM, orpuMaHuUX miaasMoximiumumm cuaTesom. IIpoanasisoBaHo CTPYKTYpy, (pasosuii
CKJIQZ 1 BJIACTUBOCTI 3pasKiB, AKi mocuaimKysanuca no i micas mMomumdiKyBamHsA MeTOZAMU
ONTUYHOI MiKPOCKOIIii, PEHTIeHOCTPYKTYPHOr0 i MIKPOPEHTreHOCTPYKTYpHOro aHaaisis. B
mogudikoBanux ciiasax B95 i B96 mocarmyro nmoapiGHeHHs 3epHa i crabinisalfiro ¢cTpykTy-
pu. BusHavenunsda mapamMerpiB KpuCTaJiuHOI PelIiTKM CILIABIB mOKasaao 30ijbllleHHSA IIepioxy
peuritkun momudirkosanux spaskis mHa 1,02 %. Iligsumeno mixporsepmicts o-Al i TBepmoro
posunnry 3 1080 mo 1500 MIla. @azoBuii ckaan cunasies B95, B96 mpexncrasnenmit inTepme-
raxigaumu dasamu CuAly,, MgZns, Mg,Zns, Mg,Si, FeAl;, TiB,, TiAl;, a Takox Qasamu
CKJIAIHOT'O cTaHy. MakcuMasibHe 3ApiOHeHHA sepHa i miIBUIeHHA MeXaHIUHNX BJIaCTHUBOCTEN
cmaasiB gocsarayro npu mogudikysanui: 0,05 % Tiu 0,005 % B, 1mo nosicHioeTsCA yTBOPEH-
HAM IUCIEPCHUX SMIIIHIOIUNX iHTepMeTalisHmx ()as CKJIALHOI'O CTAHY y IeHTPi 3epHAa.
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HUccnenoBans! amoMuHUeBsle cmiaBbl cucteMbl Al-Zn—Mg—Cu. B kauecTBe MopudukaTopa
MpeAsoKeHa KOMIIOSUIIUSA HA OCHOBE HAHOAUCIIEPCHBIX IOPOIITKOB THUTAHA U Oopa (pariuu
no 100 HM, TMOSyUYEHHBIX TIA3MOXUMUYECKUM cuHTe3oM. McciiefoBana cTPYyKTypa, (hasoBBIid
CcOCTaB U CBOICTBA 00pPAasIoOB [0 U Tocje MOAUMUIIMPOBAHUS METOJaMU ONTUYECKON MUKPO-
CKOTIUY, PEHTTeHOCTPYKTYPHOTO U MUKPOPEHTTEHOCITeKTPAIbHOTO aHaIn30B. B Mogudunupo-
BaHHBIX cruiaBax B95 m B96 mocTuruyTo usMeNbueHUe 3epHA U CTAGUIMBAIUIO CTPYKTYDHI.
Ompe/lesienre MapamMeTpoOB KPUCTANIUYECKON pPeIleTKU CIJIABOB IMOKA3aJ0 yBeJUYeHUEe IIe-
puosa pemnreTku MoAUPUIUpPOBaHHBIX 00pasnos Ha 1,02 %. IloBbilieHa MUKPOTBEPIOCTH
o-Al — TBépmoro pacteopa ¢ 1080 mo 1500 MIla. ®asoBwiii cocrae criaso B95, B96
ImpeAcTaBieH uHTepMetasauaasMu pasamu CuAl,, MgZns, Mg,Zn,, Mg,Si, FeAls;, TiB,, TiAl;,
a rakske (asaMu CcA0KHOrO cocraBa. MakcuMajbHOE W3MeJLYeHWEe 3epHa U TOBLINIIEHUE
MEXaHNYECKHX CBOMCTB CILIABOB AOCTUIHYTO npu moxmupuuuposanuu: 0,05 % Ti u 0,005 %
B, uro obbsacHmercs 00pasoBaHWEM [JUCIEPCHBIX YIPOYHAKIUX HWHTEPMETANJUTHBIX (as

CJIOKHOI'O coCTaBa B LIEHTPE 3CPECH.

1. Introduction

Currently, there are several aluminum
alloys modification theories, but there is no
consensus on solving this problem [1-3].
This is due, firstly, to the complexity of the
modification process and its dependence on
the melting and casting conditions and, sec-
ondly, to the influence of uncontrolled im-
purities and components, which can enhance
or weaken the modifying effect. According
to the nucleation theory, developed in [4-6],
the additive introduced as a modifier must
satisfy the following requirements:

— it should have sufficient stability in
the melt without changing the chemical
composition;

— the melting temperature of the addi-
tive should be higher than the melting tem-
perature of aluminum:

— structural and dimensional correspon-
dence of the crystal lattices of the addition
to the matrix melt is necessary;

— the formation of sufficiently strong
adsorption bonds with atoms of the modi-
fied melt.

Apparently, the surface tension at the
"melt — solid particle” boundary, can serve
as a criterion of the strength of interatomic
bonds. The greater the surface tension
value, the worse the particle is wetted by
the liquid phase and the less likely it is to
use the particle as a crystallization center.
In [4, 5] on a large number of systems it
was shown that the catalytic activity of the
substrate during nucleation is determined
by the chemical nature.

The role of modifiers is comes, on the
one hand, to a decrease in surface tension at
the crystal faces, which contributes to an
increase in the rate of nucleation of crystal-
lization centers, and on the other hand, to
the formation on the surface of adsorption
films that impede the diffusion of atoms of
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the crystallizing phase to the surface of the
crystals and inhibit their growth. Slowing
crystal growth leads to an increase in the
number of crystallization centers and to a
refinement of the structure. Adsorption
theory does not explain the shift of the eu-
tectic point and the formation of overmodi-
fied structures in aluminum alloys [6].

Application of the cluster model of the
melt to the analysis of the modification
process allowed the authors of [7, 8] to sub-
stantiate the solubility factor as one of the
determining ones. Impurities soluble in
clusters and changing their internal struec-
ture are classified as microalloying ele-
ments. Impurities soluble in the area of ac-
tivated atoms are classified as second-type
modifiers that change the crystallization
process without changing the internal struc-
ture of the clusters. However, there is no
clear distinction between modifiers and mi-
croalloying elements, since there are no sub-
stances soluble only in liquid state and ab-
solutely insoluble in solid state.

Work objective: to stabilize the structure
and the strengthening effect of the modifi-
cation of multicomponent aluminum alloys
with nanodispersed compositions.

2. Experimental

The material for study was high-strength
aluminum alloys B95, B96 of the Al-Zn—Mg—
Cu system (Table 1). A modification tech-
nology has been developed consisting in in-
troducing a weighed portion of the modifier
0.1 wt.% in the melt under the following
temperature and time parameters: ¢ =
720°C, modifier action time is 5...7 min.
The modifier was nanodispersed powders of
titanium and boron fractions up to 100 nm.
X-ray microspectral analysis was performed
on a JSM-66360JA multipurpose scanning
microscope, with the JED 2200 energy-dis-
persive analysis system. The phase composi-
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Table 1. The chemical composition of high-
strength aluminum alloys

Zn | Mg | Cu | Mn | Cr Fe | Si

B95| 6.0 | 283 | 1.7 | 0.4 |0.18|<0.5|<0.5

B96 | 8.5 | 2.6 | 2.3 - - |<0,4|<0,3

tion and crystal lattice periods of alloys be-
fore and after modification were determined
using method of X-ray diffraction analysis
on a DRON-2.0 diffractometer in Cu, radia-
tion. Mechanical tests were performed on
standardized equipment. Mechanical tensile
testing of the samples was performed in ac-
cordance with GOST 28840-90 on a TI-
RAtest testing machine. Impact strength
tests were performed according to DSTU EN
10045-1:2006 under room temperature on a
MK-30 pendulum impact testing machine.

The paper presents a methodology for the
complex modification of aluminum melt,
which can be explained as follows. If an-
other insoluble additive is introduced into
the melt with the main additive isomorphic
to aluminum, then interval of melt metasta-
bility will decrease as a result. As shown in
[7-9, 10], titanium is the most effective re-
fractory modifier element for aluminum.
Boron was selected as the second titanium
additive in the complex modification of alu-
minum alloys.

The following explanation can be given
regarding enhancing the action of the com-
plex modifier. Considering the triple state
diagram of Al-Ti-B (Fig. 1) [11], we can
conclude that titanium diboride TiB, and ti-
tanium aluminide TiAl; form a continuous
series of solid solutions. Triple eutectic is
formed in the system: g + TiB, + TiAl;. In-
troduction of boron expands the area of pri-
mary crystallization of TiAl; as a result of a
decrease in the solubility of titanium in liq-
uid aluminum. The main modifier in this
case is a TiB, particle, which has a struec-
tural correspondence with the matrix of al-
loys with a small difference in the parame-
ters of the crystal lattices.

3. Results and discussion

Multicomponent aluminum alloys B95
and B96 contain 11...14 % of alloying ele-
ments soluble in aluminum: zine, copper,
magnesium, manganese, chromium (Table
1). Alloying elements in quenched alloy are
in solid solution. During aging process,
solid solutions decompose with the produc-
tion of dispersed inclusions of hardening
phases (Fig. 2).
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Fig. 1. Ti-Al-B [9] state diagram.

The properties of the alloy depend on
whether the alloying element is in a solid
solution or in an intermediate phase. The
location of elements and the degree of su-
persaturation can be judged by the size of
the crystalline lattice of the solid solution.

An analysis of the characteristies of solid
solutions in aluminum alloys shows [9, 10]
that most alloying elements decrease the
lattice period; the most effective is tita-
nium. Magnesium, in turn, increases the pe-
riod of the crystal lattice. Complex alloying
can lead to the fact that the solid solution
will be supersaturated and the lattice period
does not change, i.e. the influence of differ-
ent atoms on the lattice period is mutually
compensated. According to X-ray diffrac-
tion analysis, the crystal lattice period of
the B95 alloy in the initial state was
4.054 A, and in the modified (0.05 % Ti +
0.005 % B) it was 4.055 A. Thus, the in-
crease in the lattice period was 1.02 %. At
the same time, the microhardness of the
matrix of modified alloys is increased.

The phase composition of the B95 alloy,
which crystallized under equilibrium condi-
tions, is represented by o-Al, a solid solu-
tion, as well as numerous intermetallic
phases, both binary, CuAl,, Mg,Zn;, Mg,Si,
FeAl;, TiAl; of the Laves type, and more
complex phases. A large number of inter-
metallic compounds is formed due to the
fact that aluminum is trivalent and has a
high electronegative potential. Table 2
shows the identified intermetallic phases.

In the modified alloys B95 and B96
(Flg. 3), AI3M93S|F€ and A|7CU3M96 intermet-
allic phases of a complex composition were
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Fig. 2. Microstructure of alloy B95 after quenching and aging a — before modification; b — after

modification x 1000.

Table 2. Intermetallic phases, hardening
aluminum alloys

Before modifying After modification

FeAl; FeAl,

CuAl, Al,Ti

MgZn, MgZn, MgZn,

Al,Cu,Fe Al,Cu,Fe

Mg, Si -

Mg,Si Mg3,(AICU) 49
Al;Mg,SiFe
Al,Cu;Mgg

also found, which are uncharacteristic for
the alloy in the initial state, Mgs,(AICU),q,

The appearance of new complex intermetallic
compounds, as well as titanium diborides and
aluminides, indicates the effective influence of
the modifier on the crystallization of alloys.

The microstructure of the B95 alloy in
its initial state (Fig. 2a) consists of o-Al, a
solid solution in the presence of massive
boundaries of intergrowth between the
branches of dendrites.

In the modified alloy samples (Fig. 2b), thin
intergrowths of dendrites and their branches

are observed, as well as localized inclusions
inside dendrites. A stable alloy structure
was achieved, which is associated with a
more uniform distribution of alloying ele-
ments included in the alloy under the action
of a nanodispersed modifier. Modified sam-
ples are characterized by a smaller grain
size (70 microns) compared to the original

ones (200 microns).
The study of the distribution of alloying

elements and impurities in the aluminum
base of the alloy before and after modifica-
tion (Table 3) showed a more uniform distri-
bution of aluminum, zine, iron and silicon.
A decrease in the content of magnesium and
copper indicated their presence in the inter-
metallic phases. The increased content of
titanium (from 0.12 to 0.44 %) proves its

involvement in the modification process.
Table 4 shows the mechanical properties of

B95 alloy after hardening heat treatment.
From the above data it follows that

(0.05 % Ti+ 0.005 % B) modifying compo-
sition is the most effective, as a result of
which grain refinement from 200 to 70 mi-
crons, an increase in the strength properties
of alloys from 240 to 400 MPa and an in-
crease in microhardness to 1500 MPa were
achieved.

Table 3. Results of X-ray microspectral analysis of intermetallic phases of alloy B95

Sample The content of alloying elements, wt.%

condition Al Zn Fe Mg Cu Si Ti
Unmodified 84.13 2.48 6.8 2.12 2.84 1.83 0.02

Modified 0.01 % Ti+ 0.005 % B 84.86 1.73 4.19 2.14 2.23 4.73

Modified 0.05 % Ti+ 0.005 % B 81.9 2.0 4.50 2.16 2.70 6.30
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Fig. 3. Microstructure of 01570 alloy with

Table 4. Mechanical properties of alloy B95
before and after modification

Modifier, Gg» |Og.90| O Grain

wt. % |MPa|MPa| % | size,
Ti B microns

KCU, Hu,
MJ/m? | MPa

- — 1240|202 |8.0| 200 0.36 1080

0.01] - |250|214|7.1| 185 0.30 1120

0.05/0.005/400| 360 |5.6| 70 0.25 1500

0.07|0.005/320 | 280 |[4.8| 160 0.28 |1455

0.1 10.005/350| 308 |4.6| 100 0.30 |1460

4. Conclusion

The criteria for the modification of high-
strength multicomponent aluminum alloys
are determined.

The choice of a composition of nanodis-
persed powders of titanium and boron of a
fraction up to 100 nm obtained by plasma-
chemical synthesis as a complex modifier of
aluminum alloys is justified.

Using the method of X-ray diffraction
analysis and X-ray spectral analysis in
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modified alloys, a large number of intermet-
allic phases of complex composition were
found that are absent in the initial alloys,
which ensures a hardening effect.

The (0.05 % Ti + 0.005 % B) modifying
composition is most effective, as a result of
which grain refinement from 200 to 70 mi-
crons, an increase in the strength properties of
alloys from 240 to 400 MPa and an increase in
microhardness to 1500 MPa were achieved.

References

1. M.V.Maltsev, Modification of the Structure of
Metals and Alloys, Metallurgy, Moscow (1970)
[in Russian].

2. V.P.Saburov, E.N.Eremin, A.N.Cherepanov,
G.N.Minnekhanov. Modification of Steels and

Alloys with Dispersed Inoculators, OmSTU,
Omsk (2002) [in Russian].

3. E.I.Marukhovich, V.Yu.Stetsenko. Alloy
Modification, Belarusian Science, Minsk
(2009).

4. I.B.Ferguson. Cerrelation vs Causatioln, Met-
als, 4, 477 (2014).

5. A.K.Sinh, J. Alloys Comp., 113 (2014).

6. B.M.Baloyan, A.G.Kolmakov, M.I.Alymov,
A.M.Moles, Nanomaterials, Ugrina, Moscow
(2007) [in Russian].

7. N.E.Kalinina, G.M.Nikiforchin, O.V.Kalinin
et al., Structure, Properties and Use Struc-
tures of Nano-Materials, Prostir-M, Lviv
(2017).

8. V.A Kostin. Modification of the Structure of
Welds of High Strength Steels by Nanoparti-
cles of Refractory Metals, Construction, Mate-
rials Science, Mechanical Engineering,
Dnipro, 89, (2016).

9. F.Wang, Z.Wang, H.Gengle et al., Mater.
Characterization, 56, 200 (2006).

10. N.E.Kalinina, D.B.Glushkova, A.I.Voronkov,
V.T.Kalinin. Functional Materials, 26, 514
(2019).

11. N.P.Lyakisheva. Double Metal System Diagrams.
Directory, 3, Moscow (1999) [in Russian].

Functional materials, 27, 3, 2020



