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Abstract. An analytical review of the state of the problem of aluminum alloys modification was per-
formed. The absence of a unified approach to solving the problem has been established, which is asso-
ciated with the complexity of the process of modifying multicomponent alloys. 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 composition, and properties of the test samples were studied before
and after modification with methods of optical microscopy, X-ray diffraction analysis, and X-ray spec-
tral analysis. 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 peri-
od 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,, MgZns, Mg,Zns, M@,Si, FeAls, TiB,, TiAl;, as well as phases of com-
plex composition. The maximum grain refinement and increase in the mechanical properties of the
alloys were achieved upon modification of 0.05% Ti and 0.005% B, which is explained by the for-
mation of dispersed strengthening intermetallic phases of complex composition in the center of the
grains.
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Introduction

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

— it should have sufficient stability in the
melt without changing the chemical composi-
tion;

— the melting temperature of the additive
should be higher than the melting temperature of
aluminum:

— structural and dimensional correspondence
of the crystal lattices of the addition to the ma-
trix melt is necessary;

— the formation of sufficiently strong adsorp-
tion bonds with atoms of the modified 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] papers on a large number of systems it
was shown that the catalytic activity of the sub-
strate 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 crystallization centers,
and on the other hand, to the formation on the
surface of adsorption films that impede the dif-
fusion of atoms of the crystallizing phase to the
surface of the crystals and inhibit their growth.
Slowing crystal growth leads to an increase in
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the number of crystallization centers and to a
refinement of the structure. Adsorption theory
does not explain the shift of the eutectic point
and the formation of overmodified structures in
aluminum alloys [6].

Application of the cluster model of the melt
to the analysis of the modification process al-
lowed the authors of [7, 8] papers to substantiate
the solubility factor as one of the determining
ones. Impurities soluble in clusters and changing
their internal structure are classified as
microalloying elements. Impurities soluble in
the area of activated atoms are classified as se-
cond-type modifiers that change the crystalliza-
tion process without changing the internal struc-
ture of the clusters. However, there is no clear
distinction between modifiers and microalloying
elements, since there are no substances soluble
only in liquid state and absolutely insoluble in
solid state.

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

Influence of nanodispersed compositions
on structure formation of high-strength
aluminum alloys

The material for study was high-strength
aluminum alloys B95, B96 of the Al-Zn-Mg-Cu
system (Table 1).

Table 1 - The chemical composition of high-strength
aluminum alloys

Alloy The content of elements,% wt.

Zn | Mg | Cu | Mn | Cr Fe Si

B9 |60 (23 |17 |04 |0,18 |<0,5 |<0,5

B96 85(26 (23] - - <0,4 | <0,3

A modification technology has been devel-
oped consisting in introducing a weighed por-
tion of the modifier 0.1 wt.% in the melt under
the following temperature and time parameters: t
= 720 °C, modifier action time is 5...7 minutes.
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 micro-
scope, with the JED 2200 energy-dispersive
analysis system. The phase composition and
crystal lattice periods of alloys before and after
modification were determined using method of
X-ray diffraction analysis on a DRON-2.0
diffractometer in Cu, radiation. Mechanical tests
were performed on standardized equipment.

Mechanical tensile testing of the samples was
performed in accordance with GOST 28840-90
on a TIRAtest 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 another insoluble
additive is introduced into the melt with the
main additive isomorphic to aluminum, then
interval of melt metastability will decrease as a
result. As shown in [7-9, 10] papers, titanium is
the most effective refractory modifier element
for aluminum. Boron was selected as the second
titanium additive in the complex modification of
aluminum alloys.

The following explanation can be given re-
garding enhancing the action of the complex
modifier. Considering the triple state diagram of
Al-Ti-B (Fig. 1) [11], we can conclude that tita-
nium diboride TiB2 and titanium aluminide
TiAl; form a continuous series of solid solu-
tions. Triple eutectic is formed in the system: g
+ TiB, + TiAls. Introduction of boron expands
the area of primary crystallization of TiAl; as a
result of a decrease in the solubility of titanium
in liquid aluminum. The main modifier in this
case is a TiB, particle, which has a structural
correspondence with the matrix of alloys with a
small difference in the parameters of the crystal
lattices.
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Figure 1. Ti-Al-B state diagram

Multicomponent aluminum alloys B95 and
B96 contain 11...14% of alloying elements solu-
ble in aluminum: zinc, copper, magnesium,
manganese, chromium (Table 1). Alloying ele-
ments in quenched alloy are in solid solution.
During aging process, solid solutions decom-
pose with the production of dispersed inclusions
of hardening phases (Fig. 2).
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Figure 2. Microstructure of alloy B95 after
guenching and aging: a — before modifica-
tion; b — after modification

The properties of the alloy depend on wheth-
er the alloying element is in a solid solution or
in an intermediate phase. The location of ele-
ments and the degree of supersaturation can be
judged by the size of the crystalline lattice of the
solid solution.

An analysis of the characteristics of solid so-
lutions in aluminum alloys shows [9, 10] that
most alloying elements decrease the lattice peri-
od; the most effective is titanium. Magnesium,
in turn, increases the period 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 different atoms on the lattice period is mutu-
ally 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 increase 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 conditions,
is represented by a-Al, a solid solution, as well
as numerous intermetallic phases, both binary,
CuAly,, MgyZns, Mg,Si, FeAls, TiAl; of the
Laves type, and more complex phases. A large
number of intermetallic compounds is formed
due to the fact that aluminum is trivalent and has

a high electronegative potential. Table 2 shows
the identified intermetallic phases.

Table 2 — Intermetallic phases, hardening
aluminum alloys

Before modifying After modification
FeA|3 FeA13
CuAl, AlsTi
MgZn, MgZn, MgZn;

Al,Cu,Fe Al,Cu,Fe
Mg32(AIC_u)49
Mgs;(AICU) 4 iﬁ%ﬁ;i}lg

In the modified alloys B95 and B96 (Fig. 3).

Figure 3. Microstructure of 01570 alloy with
intermetallic phases

Al3Mg;SiFe and Al;CusMgs intermetallic phases
of a complex composition were also found,
which are uncharacteristic for the alloy in the
initial ~ state, Mgs(AICu)s,  Al;CusMgs,
Al;MgsSiFe (Table 3).

The appearance of hew 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 ini-
tial state (Fig. 2.a) consists of a-Al, a solid solu-
tion in the presence of massive boundaries of
intergrowth between the branches of dendrites.

In the modified alloy samples (Fig. 2.b), 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 distri-
bution of alloying elements included in the alloy
under the action of a nanodispersed modifier.
Modified samples are characterized by a smaller
grain size (70 microns) compared to the original
ones (200 microns).
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The study of the distribution of alloying ele-
ments and impurities in the aluminum base of
the alloy before and after modification (Table 3)
showed a more uniform distribution of alumi-
num, zinc, iron and silicon. A decrease in the
content of magnesium and copper indicated their
presence in the intermetallic phases. The in-
creased content of titanium (from 0.12 to 0.44%)
proves its involvement in the modification pro-
cess.

Table 3 — Results of X-ray microspectral analysis of
intermetallic phases of alloy B95
Sample The content of alloying elements,%
Condition wit.
Al |Zn| Fe ([Mg|Cu| Si | Ti

Unmodified 84,13|2,48(6,58(2,12(2,84|1,83| 0,02

Modified
0,01% |84,86|1,734,19|2,14(2,23|4,73| 0,12
Ti+0,005%B
Modified
0,05% |81,9(2,0|4,50|2,16|2,70(6,30| 0,44
Ti+0,005%B

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 composition is the
most effective, as a result of which grain re-
finement from 200 to 70 microns, an increase in
the strength properties of alloys from 240 to 400
MPa and an increase in microhardness to 1500
MPa were achieved.

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

Modifier, wt %

lu\l'; 2} H
) OB, 60.2, 6] % ‘5 § KCU, Hy
Ti B |MIla| MPa -8 MJ/m¥ MPa
= E
(O]
- - 240 | 202 | 8,0 | 200 | 0,36 | 1080
0,01 - 250 | 214 | 7,1 | 185 | 0,30 | 1120

0,05 | 0,005 | 400 | 360 |56 | 70 | 0,25 | 1500

0,07 | 0,005 | 320 | 280 | 4,8 | 160 | 0,28 | 1455

0,1 | 0,005 | 350 | 308 | 46| 100 | 0,30 | 1460

Conclusion
1. The criteria for the modification of high-
strength multicomponent aluminum alloys are
determined.
2. The choice of a composition of
nanodispersed 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.

3. Using the method of X-ray diffraction
analysis and X-ray spectral analysis in modified
alloys, a large number of intermetallic phases of
complex composition were found that are ab-
sent in the initial alloys, which ensures a hard-
ening effect.

4. The (0.05% Ti + 0.005% B) modifying
composition is most effective, as a result of
which grain refinement from 200 to 70 microns,
an increase in the strength properties of alloys
from 240 to 400 MPa and an increase in micro-
hardness to 1500 MPa were achieved.
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BniuB 00po0KM HAHOAMCHEPCHMMH KOMIO3MIIis-
MH Ha CTPYKTYPOYTBOPEHHSI BHCOKOMII[HHX 2aJIIO-
MiHi€BHX CILIaBiB.

Anomauin. IIposedeno ananimuynuil 0ena0 cmawy
npobaemu  MOOUQIKYBAHHS  AIOMIHIESUX —CNIABIS.
Bcmanosnena 6iocymuicmo  €0unoco nioxody 0o
supiulenns yiei npobdremu, wo NOG’A3AHO  3i
CKIaOHicmo  npoyecy  MOOUQIKysanus — bazamo-
KOMNOHEHMHUX CHAABI8. JoCniodncysanu antominicei
cnnasu cucmemu AL-Zn-Mg-Cu. Mooudghikamopom
3aNpONOHOBAHA  KOMNO3UYis HA  OCHOBI  HAHO-
OUCnepcHuUx nopowikie mumawy i 6opy @pakyii 0o
100 wum, saxi Oyiu ompumani NAAZMOXIMIYHUM
cunmesom. Bueuanu cmpyxmypy, ¢azosuil cknao i
enacmusocmi 3paskis, AKI 00CAI0KHCY8AIUCL 00 |

nicisi  MOOUDIKYBAHHA ~— Memooamu — ONMUuYHOI
MIKpOCKOnNii, PEHM2EHOCMPYKMYPHO20 i
MIKpOPEHmM2EeHOCMPYKMYPHO20 ananisy.

YV moougpixosanux cnrasax B95 i B96 Oocsienymo
noopionennss 3epua i cmabinizayis cmpyKmypu.
Busnauennss napamempie kpucmaniunoi pewimku
Cnagie NnoKazano 30LIbUeHHS Nepiody peuwimku
moougixkosanux spaskie na 1,02 %. Iliosuwena
mixkpomeepdicmo a-Al — meepoozo posuuny 3 1080
oo 1500 MIla. ®azosuti cknao cnaasie B95, B96
npeocmagnenuii inmepmemanionumu gazamu CuAly,
Mang, Mg22n3, Mngz, FeAlg, TiBz, T|A|3, a makooa#c

Gazamu CKIAOH020 cmamy. Maxcumanvhe
30pibHenHs  3epHa i NIOGUWEHHS — MEXAHIYHUX
enacmusocmeti  Cnuagie  OOCSCHYMO 3d  YMOGU

mooupixysanns:. 0,05% Ti ma 0,005 % B, wo
NOACHIOEMbCA  YMBOPEHHAM — OUCHEPCHUX  3MIYHIO-
BAIHUX [HMEPpMemaniOHux ¢a3 cKiaoH020 CMAHy 8
yenmpi 3epHa.

Knwuoei cnoea: anwominicgi cnnasu, cmpykmypa,
Gazosuii cknao, inmepmemaniymi ¢hasu, HaHOMOOU-
¢ikamop, muman, 60p.
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Bausinue 00padoTKu HAHOAUCIIEPCHBIMHU
KOMIIO3HIIUSIMH  HAa  CTPYKTYpPooOpa3oBaHue
BBICOKO-TIPOYHBIX AJIOMUHHEBBIX CIIJIABOB

Annomauusn. [lpoeedén  ananumuueckui 0030p
cocmosiHusl npoobaemMvl MOOUPUYUPOBAHUSL ATIOMU-
HUEeBbIX CNIAB08. YcmarnosneHo omcymemaue eouHo-
20 n00X00a peuieHusi npPooOnemMbvl, YMoO CEA3AHO CO
CILOJACHOCMbIO NpoYyecca MoouPUYUpo8anHus MHO20-
KOMNOHEHMHbIX cniaasos. Hccnedosanu antomuHue-
evle cnnasvl cucmemvl AL-ZN-Mg-Cu. B kauecmse
MoOughukamopa npeonodiceHa KOMnOo3uyus Ha OCHO-
6¢ HAHOOUCNEPCHBIX NOPOWKO8 mumauna u 6opa
dparxyuu 0o 100 Hm, nonyueHHvle NAAZMOXUMUYE-
ckum cunmesom. Hccnedosanu cmpykmypy, ¢pazoswlii
COCmag u C8olCmea ONbIMHLIX 00pa3yos 0o U nocie
MOOUPUYUPOBAHUST MEMOOAMU ONMULECKOU MUKDO-
CKONUUY, PEHMEeHOCMPYKMYPHO20 U MUKpOpeHmee-
HOCNEKmpanvbho2o aunanusza. B mooupuyuposannuvix
cnnasax B95 u B96 oocmuenymo usmenvuenus 3epha
u cmabunuzayus cmpykmypsl. Onpedenenue napa-
Mempo8 KpUCMAiIuueckou peuemku Cniaeos noKa-
3410 yeenuyeHue nepuooda peuiemru Moouuyupo-
sannvix oopasyos na 1,02 %. Ilosviuwena mukpo-
meépoocmu  a-Al — meépoozo pacmeopa ¢ 1080 oo
1500 MlIla. ®azosvii cocmas cnaasoe B95, B96

npeocmagier unmepmemannuouvimu gazamu CuAly,
MgZns, Mg,Zns, Mg,Si, FeAls, TiB,, TiAls, a makoce
Gazamu  cnodcnoco cocmasa. Maxcumanvhoe us-
MenbueHue 3epHa U NOGbIUEHUE MEeXAHUYECKUX
C80UICME CNIAB0E OOCMUSHYMO NpU MOOUPUYUposa-
Huu. 0,05 % Ti u 0,005 % B, umo ob6vsacusemcs 06-
pazosanuem OUCHEPCHBIX YHPOUHAIOWUX UHMEpMe-
MAIMUOHBIX PA3 CILOJCHO20 COCMABA 6 YeHmpe 3é-
DeH.

Kniouesvie cnosa: aniomunuesvle cniagvl, CmpyKkmy-
pa, (azoevili cocmas, uHmepmemaiiuyeckue Gasvl,
HanomoOougpukamop, mumat, 60p.

Kanununa Haraausa EsrpajgosHa, a.1.H.,
npodeccop kadeapsl TEXHOJIOTHU MaTepHaIoB,
095-550-28-00. kalinina.dnu@gmail.com
JIHENpOBCKUI HAallMOHAJIBHBIM YHHUBEPCUTET MMEHHU
Onmnecs 'onuapa, np. I'arapuna, 72,

r. [luenp, Ykpausna.

Kannnun Anekcanap BacumibeBHY, JOKTOpaHT
kadenpel MaTepuajIoBeCHUS W OOpOOKHM MeTalljIoB
[IpuaHenpoBckol  rocygapCTBEHHOM — akageMHUH
CTPOMTENILCTBA U APXUTEKTYPBL, yII. UEPHBIIIEBCKOrO
24a, r. Anenp, 49600, YkpauHa.
vt.kalinin@gmail.com

I'aymkoa {nana BopucoBHa, 1.T.H., mpod., 3aBe-
nyromas kageapoil TEXHOJIIOTHH METaIJIOB U MaTepa-
nosegenus, 057-707 37-29,
diana.borisovna@gmail.com,

BoponkoB  Aaexcanap  HMBaHoBMY,  1I.T.H.,
npodeccop kadeapsl aBUTATENCH BHYTPEHHETO
sropanwust, 067-295-90-96, dralex@gmail.com,
Crenmanok Anapeii UBanoBu4, accucteHT Kaden-
pbl TEXHOJOTHMH METAIJIOB W MaTepHaJOBEICHNS,
097-525-85-13, dioxid26@meta.ua

BoponoBa EimzaBera MuxailioBHa, JOLEHT Ka-
(enpbl THOCTPAHHBIX S3BIKOB,
voronoval945@gmail.com,

XapbKOBCKUN HalMOHAJIbHBIN ABTOMOOMIIBHO-
JIOPOXKHBII yHUBEpCHTET, yi1. SIpocinaBa Myaporo 25,
M. XapkiB, 61002, YkpanHa.

Cep:xenko BanHa OJjieroBHa, acmupanT Kadeapsl
JIUTEHHOTO MPOU3BOJICTBA,
lady.Anna.We@gmail.com

HanuonaneHast MeTanmnypruueckasl akaaeMust Ykpa-
uHbl, J{Henp, YkpauHa.
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