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STRENGTHENING AND TOUGHENING OF ALUMINUM ALLOYS

The paper focuses on the problem of traditional strengthening of aluminum alloys, such as the solid solution
strengthening, second phase strengthening, grain refinement strengthening, and mechanical hardening. Composite
reinforcement is the use of high-strength powder, wire, and sheet materials to undergo pressure, welding, spraying and
solution dipping methods with the aluminum matrix composite, so that the matrix could obtain high strength. This article
reveals the four traditional strengthening mechanisms of aluminum alloys, briefly introduces the mechanism of composite
strengthening, and compares several strengthening modes. According to the shape of the composite material, composite
reinforcement can be divided into fiber, particle and material wrapping one. Most of the traditional strengthening methods
are to improve the strength of aluminum alloys by sacrificing plasticity and adding defects (mainly dislocations) in the crystal
to impede the dislocation movement. This paper also briefly introduces the process of composite strengthening, which is
different from the traditional strengthening methods which enhance the material characteristics by obstructing the movement
of dislocations. The composite strengthening relies on good infiltration between the fiber and the matrix for a tight joint, so
that the fiber and the matrix can obtain a good bond strength. Most of the traditional strengthening mechanisms increase the
strength of the alloy at the expense of plasticity, which restricts the development of the comprehensive aspects of aluminum
alloys. At present, the main methods of aluminum alloy strengthening are grain refinement and second phase strengthening.
In particular, the second phase strengthening has a significant effect on the performance improvement of aluminum alloys.
In the future development of aluminum alloys, it is not only necessary to improve the strength, but also to make
comprehensive performance in all aspects better. Composite strengthening involves the advantages of each component,
making up for their own drawbacks, and has a good development prospect.
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Jdyanbs ManbTaH, Y'KyH 13BIIS0
YINPOYHEHMUE U 3AKAJIKA AJIIOMUHHUEBBIX CIIVIABOB

B cmamve onucanvl mpaouyuonmnvie cnocodvl YNPOUHEHUA ANIOMUHUEGLIX CHIIAB0G: YNPOUHEHUE MEepPObIM
pacmeopom, emopuyHoil haszvl, umMenbueHUeM 3€pPHA U MexaHuueckoe ynpouHneHue. Komnosummuoe ynpounenue — mo
UCNONb306aHUE 6LICOKONPOUHBIX NOPOUIKOBBIX, NPOGOTOYHBIX U JIUCIOGLIX MAMEPUANIOE ONA 00padomKu OaeieHuem,
C8APKOIl, PACNbUIEHUEM U MEMOOAMU NOZPYIHCEHUA 6 PACHIGOD KOMRO3UMA ANIOMUHUEEON Mampuubl, 61a200apa yemy
Mampuya npuoodpemaem eblcOKyI0 npouHocms. B oannoit cmamve paccmampuearomea uemoipe mpaouyOHHbLIX MEXAHUMA
YNPOUHEHUA ANIIOMUHUEBHIX CHIAGO6 6 CPAGHUMEILHOM (CHeKme, KPAmKO NPeOCHmA6ieH MEXAHUM KOMHO3UMHOZ20
ynpouHenus. 3asucumo om @Hopmvl KOMROZUMHO20 MAMEPUANA, KOMROZUMHOE YNPOUHEHUE MOMNCHO DPA30enumsy Ha
YnpouHeHue 6ONOKHAMU, Yacmuyamu u obepmoleanue mamepuanom. bonvuwuncmeo mpaouyuonnvix memooos ynpounenus
HAnpaeiensvl HA NOGbIIEHUE NPOYHOCMU ANIOMUHUEEHIX CHIIAB06 NYMeEM NOMePU NIACMUYHOCIU U 000a61enUA dedheKmos
(6 OCHOBHOM OuCIOKAUUITL) 6 KpUCMA, YMOObl 3ampPYOHUmMb JeuiceHue ouciokayuil. B oannoit cmamve maksice Kpamko
npeocmagien Mexanu3m KOMno3UmMHO20 YNPOUHEHUs, KOMOpoe OMAUYACCA OMm MPAOULUOHHBIX MEM 0008, NOGLIULAIOULUX
XApaKmepucmuKku Mamepuana nymem RPenAmMCmMeEosaHus Oeudcenuio oucirokayui. Komnosumnoe ynpounenue
OCHOGbIGAEMCA HA XOpouieli URGuUILMmpayuu mexncoy 6010KHOM U MAmpuyeil 0131 MecHO20 CUenieHUs, MAK Ymo 60/10KHO U
MAmMpuya Mozym ROJYYUMb XOPOWLYI0 NPOYHOCMb céa3u. bonvwuncmeo mpaouyuonHvIX MeXAHU3MO8 YNPOUHEHU:
ROGLIUAIOM RNPOYHOCMb CHIABA 34 CUEM RNIACMUYHOCIU, YMO O0ZPAHUYUGAEM DA36uUmMUe KOMNIEKCHLIX ACHEKMOo6
AIOMURUEBBIX CNNAG06. B Hacmosauiee epema OCHOGHBIMU MEMOOAMU YNPOUHEHUA QNIOMUHUEGHIX CHIIAG08 ABNAIOMCA
usMenbyeHue 3epHa U YnpouHeHue 6mMOpuuHou ¢hasvl. B uacmmuocmu, ynpounenue emopuuHoil ¢haszvl oKazvieaem
3HAUUMeNbHOe GNUAHUE HA YIyUUieHUe IKCHAYAMAUUOHHBIX XAPAKMEPUCMUK AIIOMUHUEBbIX CNia6os. B oanvheiuem
Pazeumuu aIOMUHUEBBIX CHIIAG068 HEOOXO0UMO He MOSIbKO YAYYUIAmbs NPOYHOCING, HO U PEUiamy 60NPOC NO YIYUULEHUIO
KOMNJIEKCHBIX XAPAKMEPUCMUK 60 écex acnekmax. Komnosumuoe ynpounenue couemaem 6 cebe npeumyuecmea Kaxcoozo
KOMNOHEHmMA, KOMHEHCUPYA UX COOCHGEHHble HeOOCMAMKU, U ROIMOMY €20 OdlbHeliuiee U3YYeHue  AGNAEmCcA
nepcneKmuGHbIM.

Knroueswie cnosa: ynpounenue anioMmunuesbix cniagos, mpaouytorHoe ynpouneHie, KOMno3umHmoe ynpouHenue, 3aKauKa.

dyanbs ManbTan, YoxyH u3uuso
SMIIHEHHS 1 3BATAPTYBAHHSA AJIFOMIHIEBUX CIIJIABIB

Anomauia. Y cmammi onucani mpaouyiiini cnocoou 3MiyHeHHA alIOMIHIEGUX CN1A6I6, MAKI AK 3IMIUHEHHA MEepouUM
PO3UUHOM, 3MIUHEHHA 6MOPUHHOI (a3u, 3MIYHEHHA NOOPIOHEHHAM 3epHA ma MmexaHiune 3MiyHenHA. Komno3ummne
IMIUHEHHA - Ue SUKOPUCHAHHA GUCOKOMIUHUX NOPOWIKOGUX, OPOMAHUX MA JUCHOSUX Mamepianie 01 00podKu mucKkom,
36apIOGAHHAM, PO3NUNEHHAM i MEMOOAMU 3AHYPEHHA 6 PO3UUH KOMNOUMY ANI0OMIHIECOT Mampuyi, 3a60aKU YoMy MAMPUYA
Hadyeae eucoky miynicme. Y 0aniti cmammi po3enAa0aromosca Yomupu mpaouyitHux MexaHizmu 3MiYHEHHA anlIOMIHIEGUX
CNagié y NOPIGHANLHOMY ACNEKMI, KOPOMKO NPeOCmaeieHull MEXaHizM KOMNOZUMHO20 3MiyHeHHA. Bionosiono oo ¢popmu
KOMRO3UMHO20 Mmamepiany, KOMRO3UMHE 3MIYHEHHA MOMCHA PO30LTUmMu HA 3MIYHEHHA 60JIOKHAMU, YACIMUHKAMU ma
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obzopmanna mamepianom. binvwicms mpaouyiiinux memooie 3MIYHEHHA CHPAMOBAHI HA RNIOGUUIEHHA MIYHOCMI
AIOMIHIEBUX CNIAGIE WINAXOM IMEHWIEHHA NAACIMUYHOCII MA 000a6aHHA 0ehekmis (6 OCHOGHOMY JucoKayiil) 6 Kpucmai,
w00 ympyOnumu pyx oucnoxayiiu. Y 0aniii cmammi maxKoyc KOpomKo npedcmasieno Mexanizm KOMRO3UNHO20 3MIYHEHHS,
AKe GIOPIZHAEMbCA 60 MPAOUUIITHUX MemOodie, W0 NIOGUYIOMb XAPAKMEPUCIMUKU MAMEPIALY WAAXOM NEPEeULKOOHCAHHA
Pyxy Ooucnokayin. Komnozumne 3MiyHeHHA TPYHMYEMbCA HA XOpowiinl iHpinompayii mixc 6010KHOM i mampuyeio Ons
MICHO20 34enneHHA, MAaK W0 GO0O0KHO Ui MAMPUus MOdXdCymov ompumamu Xxopouty Miynicmoy 36'azky. binvwicmo
mMpaouyiiinux Mexanizmie 3MiyHeHHA NIOGUWYIOMb MIYHICIYb CHIA8Y 3G PAXYHOK NAACMUYHOCHI, W0 00MENCYe PO36UMOK
KOMRJIEKCHUX ACHeKMmie antioMiHiesux cnnagie. B danuit uac ocnogHumu memooamu 3MIYHEHHA QTIOMIHIEGUX CNJ1ABI6 €
noopioneHHA 3epHa ma 3MIiYHEeHHA 6mOpuHHOl pasu. 30Kpema, 3MiYHEeHHA GMOPUHHOI (ha3u 3HAYHO 6NIUGAE HA
NONINWEHHA eKCNAYAMmAauiltHuUX XapaKkmepucmuk aniominieeux cnnagie. B nodanvuiomy po3eumky aniominiesux cniagie
He0o0XiOHO He minbKU noOKpauwlyeamu MiyHicmy, ane U uUPIWLY8amMuU NUMAHHA W000 NOJINUIEHHA KOMN1EKCHUX
Xxapakmepucmuk y 6cix acnexkmax. Komnozummne 3miynenns noeonye ¢ codi nepegazu KOJICHO20 KOMHOHEHMA, KOMREHCYIOUU
ix enacui HedoniKu, | MOMY 11020 NOOATbULE GUEHUEHHA GUOAEMbCA NEPCHEKMUGHUM.

Knrouogi cnosa: 3miynenns antominiegux cnnagis, mpaouyiiine 3MiyHeHHs, KOMNO3UMHE 3MIYHEHHs, 3A2apmySanHsl.

Problem statement. It is well know that materials are the cornerstone of development for Human
Civilization; from the Stone Age to the Bronze Age, the Iron Age, and now the New Material Age; every
progress of human civilization is inseparable from the invention and use of new materials [1]. In recent
years, with people’s attention to environmental pollution and fuel economy issues, the designing of new
metallic materials with light weight and good overall performance for gradually replacing steel parts, is
the mainstream of energy conservation and fuel efficiency improvement in today’s transportation field [2-
4]. Among them, the light metal materials, which are represented by aluminum alloys, magnesium alloys
and titanium alloys, are more and more widely used. Aluminum alloy is the most common light alloy
material in our life and production activities. Compared with steel, the density of aluminum alloy is one
third of that of steel, and the alloys not only have high specific strength, strong plasticity, good physical
properties, and rich varieties, but they also have excellent electrical conductivity and corrosion resistance.
Aluminum alloy has become an important material in the field of aerospace and transportation [4].

Analysis of research and publications. However, pure aluminum is soft and cannot be used in
structural components, so aluminum alloys need to be strengthened in order to accomplish the
requirements of structural components [5]. Theoretically, there are two ways to improve the strength of
metals by technological means, the first being to completely eliminate dislocations and other defects
within the metal so that its strength approaches its theoretical strength (it has been shown that the
theoretical value of the yield strength of an intact crystal is more than a thousand times higher than the
measured value). However, it is still quite difficult to do so. Another way is to introduce a large number
of defects in the crystal to impede the movement of dislocations (it has been shown that the plastic
deformation of metals is caused by the movement of dislocations) and to increase the strength of the
metal. Examples include the solid solution strengthening, grain size reduction, second phase
strengthening (precipitation strengthening, dispersion strengthening) and strain hardening [6-8]. It is
worth noting that an effective combination of these strengthening methods can also approach the
theoretical strength of the metal from another side [9]. The purpose of this work is to test and complement
the results of the received theoretical provisions, discusses the four traditional strengthening mechanisms
of aluminum alloys, and briefly introduces the mechanism of composite strengthening, and compares
several strengthening mechanisms.

Results

1. Strengthening mechanism of aluminum alloy

1.1. Solid solution strengthening

At present, solid solution strengthening is one of the most widely used and most matured

strengthening methods in the field of metallic materials. Normally, a small amount of other metals are
added to the pure metal to form an alloy phase in which the solute atoms fuse into the solvent lattice
while still maintaining the solvent type, which is called a solid solution. Solid solution strengthening is a
kind of strengthening to form point defects; solute atoms are dissolved into the metal matrix to increase
the dislocation density of the base metal and produce lattice distortion. The stress field generated by the
distortion interacts with the elastic stress field around the dislocation, constituting an obstacle to
dislocation slip and thereby increasing the stress required for plastic deformation i.e., the impurity atoms
cause lattice strain which can "anchor" dislocations. Alloying elements, such as Mg, Mn and Cu can 'pin’
dislocations, thereby strengthening the Al-based alloys. The solid solution strengthening effect depends
on the concentration of solute atoms, the relative size of the atoms, the type of solid solution, and
electronic factors. The greater the difference in the number of valence electrons between solute atoms and
aluminum atoms, the greater the solid solution strengthening effect [6-8, 10].
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1.2. Grain refinement strengthening
The microstructure of metallic materials is composed of a large number of grains stacked. The
empirical relationship between yield stress and grain size for polycrystals was derived by Hall and Petch
after extensive experiments in 1951[11].

1
where: o is the frictional resistance to dislocation motion in the crystal, which is related to the
material type; k is a constant to be obtained experimentally; and d represents the grain size.

It can be seen that when the grain size is reduced, the yield strength of the crystal increases
dramatically due to the effect of the interaction of grain boundaries and dislocations. Fine grain
strengthening is also one of the most common means of metal strengthening in industry, which can
effectively improve the strength and plasticity of metals. Other strengthening mechanisms basically
increase the strength while losing the plasticity of the alloy [6]. As shown in the Figure 1 below, there are
several ways of grain refinement for aluminum alloys. Grain refinement mainly focuses on the use of
grain refiners, stirring and vibration, rapid solidification, and super plastic deformation, etc. According to
research, use of chemical grain refinement is an effective way to increase the strength of cast Al alloys

Electromagnetic Stirring |
Vibration and Stirring Mechanical Vibration |

Ultrasonic Vibration |

Twin-Roll Casting |

Rapid Solidification —| Spray Deposition Method |

Vibrating Cooling Slope Process |

Methods of grain
refinement

Grain Refiner

Equal-Channel Angular Pressing |

High-Pressure Torsion |

Accumulative Roll-Bonding |

> Severe Plastic Deformation

Cyclic Extrusion-Compression |

Friction Stir Welding |

Accumulative Continuous Extrusion Forming |

Fig. 1. Methods of grain refinement

1.3. Second phase strengthening

On a Friday in 1906, Alfred Wilm of Germany tried to strengthen the Al-Cu alloy by quenching,
but after quenching the specimens were soft. However, after a weekend, they were measured again and
found to be significantly stronger, but the exact strengthening method was not known. Later, with the
development of modern experimental instruments, this mystery was first solved by Guinier and Preston in
1937 through their work on X-ray diffraction [13, 14]. The essence of age strengthening is that the
dislocation movement is impeded by small, hard, diffusely distributed second-phase particles in the base
metal, which are stronger than the individual solute atoms, and the dislocation movement must bypass or
cut through these obstacles (particles), thus increasing the yield strength of the material [15].Table 1
below shows the second phase precipitation sequence of common aluminum alloy series. The
precipitation of the second phase is a complicated process, and the precipitated substances change with
time.

There are two common methods to introduce the second phase into the base metal; one is to use the
precipitation of the supersaturated solid solution for precipitation strengthening by aging heat treatment,
and the other is to introduce the second phase from outside the system by mechanical or chemical
methods (such as sintering by adding the second phase powder, internal oxidation, etc.) called dispersion
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strengthening. Generally speaking, the larger the volume content of the precipitated phase and the greater
the dispersion, the better the strengthening effect of the alloy[8].

Tabl.1.
Precipitation sequence of aluminum alloy
Series Precipitation sequence Strengthening

phase
2XXX[16] | SSSS—solute clusters—GP zones—0"—0’—0(AL,Cu) AlLCu
6XXX][17] | SSSS—atomic clusters—GP zones (pre p”)—p’— B(Mg,Si) Mg,Si
7XXX][18] | SSSS—VCR—GP Izones—intermediate structures—1’—n (MgZn,) MgZn,

SSSS- supersaturated solid solution, VCR-vacancy-rich clusters, GP-Guinier-Preston

1.4. Strain hardening
The essence of work hardening is the strengthening of the dislocation density of metal materials
during the cold deformation process. According to statistics, after the metal is violently deformed, the
dislocation density increases from 10° roots/cm? to more than 10'* roots/cm?[19]. Because of the higher
density of dislocations in the alloy, there are more opportunities for dislocations to cross each other
during the sliding process when the deformation continues, and the greater the mutual resistance, so the
greater the deformation resistance and the alloy is strengthened. This strengthening is general When the
strength of the material increases, the plasticity of the material will decrease. How to increase the strength
of the material without reducing its plasticity, or increase the strength and plasticity of the material at the
same time, is a research hotspot of this strengthening method. In addition, All aluminum alloys can be
strengthened by work hardening[6, 20].
1.5. Composite Strengthening
In addition to the above-mentioned strengthening mechanisms, there are also composite
reinforcements of aluminum alloys. Composite reinforcement is the use of high-strength powder, wire,
and sheet materials to undergo pressure, welding, spraying and solution dipping methods with the
aluminum matrix composite, so that the matrix to obtains high strength. According to the shape of the
composite material, composite reinforcement can be divided into fiber reinforced, particle reinforced and
wrapped material. The strengthening mechanism is different from the above four methods. It is not due to
the obstruction of the dislocation movement, but by the good infiltration between the reinforcement
material and the matrix material to obtain a good bond strength so giving full play to the advantages of
each component material such that the entire composite material has a high strength and toughness.
Composite reinforcement methods are mechanical composite methods (such as blasting composite,
pressure processing composite), metallurgical methods (such as casting, spray deposition, self-
propagation high-temperature synthesis) and chemical methods (such as gluing, surface coating).
Composite reinforcement combines the advantages of each component to make up for their respective
shortcomings, and has a very good development prospects[21, 22].
1.6. Comparison of strengthening mechanisms
The above-mentioned strengthening and toughening mechanisms have certain applications in
aluminum alloys, but the degree of strengthening is different. In the following table 2, the schematic
diagrams of different strengthening methods and the comparison between strengthening methods are
shown. The main dislocation barriers are solute atoms. The dislocation barriers for grain refinement are
grain boundaries. The second phase strengthening dislocation barriers are precipitates. For work
hardening, it mainly increases the dislocation density and strengthens the aluminum alloy. The second
phase is the main method of strengthening the aluminum alloy, especially, grain refinement strengthens
the aluminum alloy more obviously.
Conclusion
Most of the traditional strengthening mechanisms increase the strength of the alloy at the expense of
plasticity, which restricts the development of the comprehensive aspects of aluminum alloys. At present,
the main methods of aluminum alloy strengthening are grain refinement and second phase strengthening.
In particular, the second phase strengthening has a significant effect on the performance improvement of
aluminum alloys. The chemical grain refinement in grain refinement is compared with other fine grains.
and the strengthening effect of chemical methods is more obvious. In the future development of
aluminum alloys, it is not only necessary to improve the strength, but also to face the improvement of
comprehensive performance in all aspects. Composite strengthening combines the advantages of each
component, making up for their own shortcomings, and has a good development prospect.
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Tabl.2.
Comparison of traditional reinforcement mechanisms in a tabular format
(Dis}\c/)[ ::t}ilgrrlnli?rrier) Schematic Comparative description

Solid solution strengthening is limited by
the degree of solid solution and the degree of
supersaturation. When the alloy composition is

Solid solution b certain, the solid solution degree is also certain,

strengthening and the solid solution strengthening has no

( Solute atoms) A direct application value. The purpose of solid
solution treatment (strengthening) is to prepare

a-interstitial solid solution the structure for precipitation strengthening,

b,c-substitutional solid a and its strengthening effect is smaller than that

solution of precipitation strengthening.

Fine grain strengthening is also a major
means of strengthening high-strength
aluminum alloys, and has a wide range of

Grain refinement direct applications, and its strengthening effect
strengthening can be described by the Hall-Petch
) relationship. Its effect on the strength and
(Grain toughness of aluminum alloys is greater than
boundaries) that of solid solution strengthening and
deformation strengthening.

All aluminum alloys can be strengthened
by deformation strengthening. Deformation
strengthening is generally used to change the

. . internal structure of the material through
Strain hardening deformation. For heat-treatable aluminum
) (Oth?r alloys, strain hardening is the preparation of
dislocations) precipitation strengthening, and for non-heat
treatment strengthened aluminum alloys, strain
hardening causes stresses within the alloy,
which need to be relieved by heat treatment at a
later stage.
5 Second-phase strengthening is a major
o - ® strengthening tool for high-strength aluminum
° ° . :
. L alloys and has a wide range of direct
o o ° applications. The strengthening effect is not
Second phase e © © ° only related to the characteristics, quantity,
strengthening ¢ S o size, shape, and distribution of the second
(Precipitates) ° phase, but also related to the crystallographic
. °® A matching between the second phase and the
° matrix, the interfacial energy, and interfacial
. . o | | bonding.
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