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Qutline

OUTLINE

This PhD thesis has been carried out in collaboration with Teksid Aluminum, an
aluminum foundry situated in Carmagnalear Turin, where all the samples tested in

this work have been casted and produced. While the whole characterization of the
specimens has been performed in the laboratories of the department of applied science

and technology, of the Politecnico di Torino

Selthardening aluminum alloyA(-Zn-Si-Mg alloys) represent an innovative class of
light aluminum alloys. They present high mechanical properties, which make them
suitable for many applications in different industrial fields, especially in transport
industry. The most important and relevant feature of thehsetfening alloys is related

to their good performance, without the need of any heat treatment: they are subjected to
a natural ageing phenomenon at room temperature after a storage periodt Gt Hbou
days. The possibility to avoid the heat treatment represents an important benefit,
contributing to considerably reduce both the production cost of some components and
the amount of energyvolved in the manufacturing proces$aurthermore, withoutdat
treatment the risk of component's deformation during the production is eliminated.

The goal of this PhD Thesigasto find an alternative solution to the actually used T6
heattreated A356 alloy for automotive component production.

The feasibility ofthe developmentof a knuckle suspension componestarting from

the self hardening alloy was evaluated and investigated. In addition, some qualitative
and semiguantitative considerations was figured out from economical point of view.
The use of the sé&lhardening aluminum alloy allows avoiding any heat treatment,
consequently an important energy saving can be reached during the manufacturing,
especially in terms of gaasnd electricity consumption, that are important features for

the environment.
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A consistent part of this thesis was focalized on the study of the structural features and
mechanical properties othe selfhardening aluminumalloys. Another part was
dedicated to investigate their corrosion resistaibe. effect of the Mg cdent and of

the cooling rate on the microstructure of three different se#rdening aluminum
alloys were investigatedaiming to define the optimal alloy composition fanuckle

suspension component production.
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Chapter 1 Aluminum alloys used in automotive industry

1 ALUMINUM ALLOYS USED IN AUTOMOTIVE
INDUSTRY

1.1 Introduction

Aluminum is a lightweight metal andt is one of the mosabundant metallic element

on earth about 8% of earth's crust, making it second after silicon (28%). The main ore
of aluminum is the bauxite, primarily a mixture Alf,O3 BH,O, FeO3; and SiQ. The
aluminum could be produced as primary or secondary alumifor the former type
production the process starts from the raw material of aluminum, namely, bauxite.
Bayer process [1] is used to extract the aluminum ox&leOg). In this process,
developed by Austrian Karl Joseph Bayer in 1892, bauxite is plasettia solution of
caustic soda, at elevated temperature and under pressure, SO as a consequence alumina
has dissolved out as a solution of sodium aluminate. Then the aluminum hydrate is
separated by precipitation from the solution of sodium aluminatetfaodigh the
calcination process is converted in aluminum oxile@s). Finally by the use of the
electrolytic processknows as the HalHéroult process the primary aluminum is
obtained. In thigprocessalumina is dissolved ia cryolite bath

On the ¢her hand the improved techniques of scrap preparation and melting gave rise to
the development of the secondary aluminum industry, since 1950s. There has been an
increasing interest, towards the recycling of aluminum, because the energy required to

re-melt aluminum scraps is only 5% of that required to produce the primary aluminum.
In the late 1800s and early 1900s, because of three important industrial developments:
development of the first internal combustion engine;

electrification;

invention of aiplane by Wright brothers;

the aluminum became a very important economic competitor and the aluminum industry

was subjected to an exponential growt¥8]2
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Chapter 1 Alumadlops used in automotive industry

The aluminum offers a wide range of properties that make it a suitable metal for many
applications in different industrial fields such as: the automotive industry, the
aeronautical and aerospace area, the electricatlanttonic industries and so on. Some

of the principal properties of this metal are:

i t s d e nBg/cn ythatjs onehird that of the steel;

its high strength to weight ratio;

its high corrosion resistance under the majority of seacalitions;

the excellent thermal and electrical conductivity;

the high reflectivity;

is a non ferromagnetic metal, which is important especially in electrical and electronic
industries;

IS nontoxic, so for this reason is used routinely for food and bgee@ackages;

is recyclable.

1.2 Aluminum alloys

Aluminum alloys are classified in two categories:

cast aluminum alloys;

wrought aluminum alloys.

In table 1 is reported the aluminum alloys designation system, used Byuthenum
Association of theUnited Statesfor both cast than wrought aluminum alloys. This
designation system uses fourdigit numerical system to identiffthe different
aluminum alloys The nomenclature for wrought alloys has bescepted by most
countries and is now called theternational Alloy Designation System (IADS). The
first digit indicates the alloy group and the last wvgits identify the aluminum alloy or
indicate thealuminum purity. Tle second digit indicates modiitions of the original
alloy or impurity limits.The designation of cast alloytbe first digit is essentiallthe
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same as for wroughalloys whilethe second two digitserve toidertify a particular

composition.

Table 1: Designation system of aluminum alloys [4].

Alloy types Four-digit designation

Wrought allovs

30.00% (min) aluminum XXX
Copper IXXX
Manganese RN
Silicon 4XKX
Magnesium XXX
Magnesium and silicon [
Zine TEXXX
Others BN
Casting allovs

09_00% (min) aluminum IXXX
Copper XXX
Silicon with added copper

and for magnesium INAX
Silicon XXX
Magnesium SXX.X
Zinc TREX
Tin BXX.X
Others OXX.X

o L‘Lﬁlgllﬂ‘lll—lnl are bﬂ.‘hl.'d on ululllillulll o lEnl or ll]u.il'l u."ﬂ_'fl.rlg
elements.

1.2.1 Cast aluminum alloys

Nowadays, asting aluminum alloys arénding new applicationsn many industry
fields. About 80 % of all aluminum casting productsme fromaluminum scrap,
percentage that is sidigantly higher than wrought products. In the At years
casting technologies have developed considerably so now it is possible to achieve
higher quality alloys.The cast aluminum alloys have an incragsinterestin the
automotive and aerospace industries as-effsttive,environmentfriendly lightweight
materials. Their interesting properties such as good castability, high mechanical
properties, ductility and good corrosion resistance, have alldvesd to substitute steel

and cast iron for the production of critical components [5]. Generally these alloys

contain high percentage of alloying elements; the most important alloying elements are

[6]:
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Silicort is one of the most important alloying element used for cast aluminum alloys.
Generally presents a content betweetP5wt%. First of allthis alloying element,

allows to increase the fluidity of the alloys and as a consequence enhance its
castability, reduces the thermal expansion coefficient of alloys. Presents a low density
(2.34g/cr) determining a reduction of cast components weight and finally its low
solubility in aluminum allows the precipitation of pure, hard Si particles which improve
the abrasion resistance of the alloy.

Copper increases both the mechanical strength and the machinability of alloys; reduces
the coefficient of thermal expansion andnasst important characteristic has a negative
effect onthe corrosion resistance ofajs.

Magnesium allows to increase the mechanical properties through the precipitation of
Mg.Si hardening precipitates, enhance the corrosion resistance aneltability of

alloys;

Manganeseimprovesthe tensile propertiesas well asincreasesignificantly the low-

cycle fatigue resistancAddition of manganesenproves the arrosion resistancef the

alloy.

Iron: is the most common and inevitable impurityAhSi foundry alloys, because it

can form different types of intermetallic compoundach compounds atwittle and

have adeleteriouseffect on the mechanical strength of components. Several types of
Feri ch phase eAkH esSiAlsFeBicahn dakBe%i. When the Mn
concentration in the alloy is increased the total volume fraction of intermetallic phase
l' inearly incAseaSiesphasae¢ it mAde(BenMnESkphasd, i nt o
that is stabl e a4Alis(Fe,MnkSi;¢Fmlre Im)garticles are moreT he U
compact t h a (Figute hlle) and theg shevs a Chinese script, dike or
polyhedral morphology, and for this reason they present a minor effatieéragility

of the alloy Generally when the concentratioh Mn in the alloy overcame 1%wt, the

| a me lAlsFeS8iphaseiscop | et el y convert in the U phat

10
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Figure 1: Microstructure showing: &t h eAl;sFe,Mn)Si; phase with Chinese script
morphologyand b)t h eAlsHeSi platelet$7].

1.2.2 Wrought aluminum alloys

Thewrought aluminium alloysire widely used in automotivand aerospadedustryto
manufacture differentomponets, thank to tha@ mechanicalproperties, which are
higher tha thoseobtained forcast aluminum alloys [8]. Wrought aluminum alloys
represent about 85% of aluminum applications. Theyimit®lly cast as ingots or
billets and subsequently hand/or cold worked mechanically into the desired form. The
crystal structure of Alface centered cubic system (fafjers a good cold formability.

For wrought applications, the addition of alloying elements improves most of the

mechanicapropertieseven if they have a comparatively small quantity of alloying

11
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elements, thestructure of wrought alloysfiers better mechanical propertigsn cast
alloys.

Plastic deformation have increase the degree of gefinement and homogenize the
microstructure. There are four main process appliedvtought alloys to obtain

different products:

Rolled products: plateflat sheets, coiled sheetsd foils.

Extruded products: extruded rods, solid and hollow shapdslgsrmr tubes.

Forming products: rolled or extruded products are formed to achieve complex shapes.
Forged products: they have complex shapes with superior mechanical properties.

1.3 Thermal treatment used for aluminum cast alloys

Generally, heat treatments are widely used in Al foundry to increase the mechanical
strength of aluminium alloys. Actually, there is a high tendency to minimize the energy
consumption in order to have a minor impact on the environment. Additioaalgye

strict reliability, higher performance and production cé&same important features. In

this scenario, optimization of heat treatments is important. This preagsficantly
influence properties such as strength, ductility, fracture toughness, thstabdity,
residual stresses, dimensional stability, resistance to corrosion and stress corrosion
cracking. Themost importanheat treatment procedures are homogenization, annealing
and precipitation hardening which involves solution heat treatment,cljuenand
aging.

The Aluminum association has developed the classificatioteraper- designation
systenreported in table .2

12
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Table 2: Temper- designation systemsed for aluminum alloys [4].

Suffix letter Second suffix digit
(indicates basic treatment or First suffix digit (indicates residual
condition) (indicates secondary treatment) hardening)

F, as fabricated

O, annealed /wrought products only

H. cold-worked /work-hardened . cold-worked only 2, 1/4 hard

, cold-worked and partially annealed 4, 1/2 hard

. cold-worked and stabilized 6, 3/4 hard
8, hard

9, extra hard

d b —

W, solution heat-treated

T, heat-treated /stable , partial solution plus natural aging

annealed cast products only

, solution plus cold work

, solution plus natural aging

, artificially aged only

, solution plus artificial aging

solution plus stabilizing

, solution plus cold work and artificial aging
solution plus artificial, aging and cold work

= R

a Added as suffix letters and digits to the alloy number.

This designation system, used for both cast than wrought aluminum alloys with the
exception of ingots, has been developed by the Aluminum Association and is currently
adopted as part afie IADS by most countrie3his system is based on digits following

the lettersindicate subdivisions of the temperthat significantly irfluence the
propertiesof the alloy.

If the strengthening effectss not necessary, the most suitable heat tredtméor
casting are the homogenization and annealihgreas, when an increase of mechanical
strength is requiredhe heat treatmestto a stable condition (T series temper state)
must beapplied.

The heat treatment is divided in three std88:

Solution treatment

Quenching

Ageing

13
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1.3.1 Solution treatment

The solution treatment is carried out at temperature as closessiblp to the eutectic

temperature in order to obtain:

the dissolution of soluble phases, containing Cu and Mg formed during the
solidification;
the homogeneization of the alloying elements;

the spheroidization of eutectic silicon particle.

The rate ofthese three processes increases as the soltrtBatment temperature
increasesHigh accuracy has to be adopted to chose the temperature used for this
treatment: as reported in figure 2 in the@u phase diagram the solubility of alloying
elements increase when the temperature increase. The assumed temperature generally is
situatedbetween the solvus temperature and the solid temperature. For example in the
case of AlCu alloys, he solution temperature have to be lower than 485°C in order to
avoid the incipient meltingpf the Curich phases [1], because localized melting results

in distortion and significantly can reduce the mechanical prope@m@aponents have

to be maintainedat this temperature for a period of time necessaryrdach a

homogeneous solid solution

14



Chapter 1 Aluminum alloys used in automotive industry

treatment

precipitation
treatment

unsaturated
_/ solid solution ()

prccipitaiion of
non-coherent © [ovcr hcaltdl lqucnchcdl cooled
has commenced ’, & + O(CuAp
' 200 :
i
precipitation 4
\ hardened !
correctly \ 1
N i
formation (submicroscopical) : o\ | s |
of coherent supersaturated oW 2 4 6 8
intermediate phase ©' solid solution (&) ® precipitated 02%  COPPER (%)

Figure 2: Representation of the mechanisms associated with solguemch and agin
in the case of ACu alloys [12.

1.3.2 Quenching

The goal of the quenching is to have at room temperature the structure obtained after the
solution treatment; in fact through a rapid cooling a supersaturated solution of alloying
el ement s -Al matix istobtainedlls necessary to chose accuratéhe
guenching ratgf the cooling is too slow particles precipitated at grains bounsl amel

a reduction in supersaturation of solute and a lower maximum vyield streaftgin
ageing have been obtaingevhile on the other hané rapid cooling inducessidual
stresses into the componenEspecially for componestvith severe thick variations
rapid quenching can give rise tevere thermalgradientsthat determine a non
homogeneous plastic flowyhich in turninduces distortion and the presence ofdesi
stresses [13]Generally water is used as a quenching mediorguarantee a correct
cooling rate, while other quenching medium sucbihsalt baths and organic solutions
can be used i§lower quench rate isecessary. To get better cooling chanasties of

the quenching medium, someueeous solutions of polglkylene glycol (PAG)have

been recently developed [14]. Commonly the adopted PAG concentration is included

15
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between 4 and 30% and usually is determined byyibe of product being processed
[14].

Recently, an innovative method, know as uphill quenching [15], has been deviloped
minimizethe esidual stresmduced by the quenchinghe uphill quenching consists of
four steps:

guenching in boiling water (~100°C) for 15 minutes;

guenchingnto liquid nitrogen for 30 min

quenching in boiling water (~100°C) for 15 minutes;

removng the componentdrom the hotwater and let them air cool to room temperature

for the following natural ageg.

Through the adoption of this method, the main advantage obtained is to reduce the
induced residual stresses and distortions, without decreasing the mechanical properties.
Thi s i s reach thanks to the reducti on
disadvantage one can mention the increasing of time necessary for the quenching and
also the enhancement of the process costs, as a consequence of the pses of N
quenching medium Figure 3 reports aempeature versus time diagram for both

conventional and uphitjuenching processes.

16
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600 (@
500_' - r_] Conventional quenching
Solution
4oo_‘Tu-almem
g 300
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3 Aging
g 100
§ ° T T T 1 T T
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-200-
600 — (b)
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Figure 3: Tempeature versus time diagram for: a@pnventional andb) uphill

guenching processes [15].

1.3.3 Ageing

The objective of ageing is to reach the precipitation of small hardening precipitates,
uniformly distributedi n t o -Altriateix, i order to improve the mechanical strength

of the alloys. The ageing can be performed at room temperature (natural ageing) or at
high temperaturein the range of 10®10 °C (artificial ageing). The improved
mechanical properties ahe alloys are due to the abilitgf precipitates toblock
dislocations. The size and the distribution of the precipitates, together with the
coherency of the precipitates with the matrix, are fundamental to determine the high

strength obtained during tlageing process. Figure 4 illustrates the Friedel effect and

17
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the Orowan mechanism used to describe and explain, the interaction between
dislocations and hardening precipitates.

Strength

Particle radius

Figure 4: Dislocation bypass precipitates by : a) Felkdffect or b) Orowan
mechanismc) strength versus particle radius diagram [10].

If the precipitates are small and not hard they are sheared by mosgingations
(Friedel effect reported in figure 4a), whilst when their dimensions increase they are
bypass by bowing the (Orowan mechanism figure 4b). As can be observed in the
diagram reported in figure 4 c, when there is the same probability for theatiistecto

pass the hardening precipitates, by shearing or by bowing, the maximum strength is
achieved.

After the quenching process, thardenedaluminumalloy is in a unstable condition

and has a high energy level, so for this reasendlloy itself ties to achieve a low
energy statethrough the spontaneous transformation of the supersatured solid solution
in metastable phase or equilibrium phaBee driving force, for this transformation, is
the decrease of, whi¢thaakes place tnoulls theepreepitagion of
hardening precipitates. The precipitation process follows the traditional nucleation and
growth mechanism. For the development of stable nuclei is required a certain period,
after which, the process slowdowantinuously because of the progressive depletion of
solute atoms in the solid solution. The hardresse curve summary of the ageing

process iseportedn figure 5.

18
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Overaging

Yield strength or hardness

Logarithm of aging time

Figure 5: Strengthand hardness as a functiohthe logarithm of aging timg.6].

The precipitation sequence for-A8I-Cu alloys, reported in figure 6, is the following:

GP zones: are small aggregations of solute (clusters) called Guiner Preston zones. These
zones aralevelopedat low aging temperature and are maea consequence tife
segregation of Cu atoms in the supersatured solid solutibhe GP zones araadeof

areas of thickening in the form of discs of a few atoms thick@®4m) and they have

a diameter of about-80 nm.

dé o : ar e \with @anadinensi@nghat sare coherent with the matrix. Their
dimensions ranging from about 1 to 4 (tmckness)and 10 to 100 nm in diameter.

do are precipitates with micrometric size and are incoherent with the matrix;

d: is the equilibrium phase, is compl ete

composition of AICu.

19



Chapter 1

Aluminum alloys used in automotive industry

Solvent (Al) atom
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0" Phase particle
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Figure 6: Precipitation sequence for Ai-Cu alloys[16].

Finally, as can be reported in figure 5, there is a decrease of the mechanical properties

due to coalescence of precipitation hardening; this phenomenon is called overageing.

The hardnestensile strengtitime curves obtained at different ageing tempeestus

reported in Figure 7.A hi g h

temperatures

the process

peak is achieved in a short time, due to the major diffusiontrateon the other hand

the maximum value of hardness decreases when the temperature increases.

500

400

Tensile strength (MPa)

300

200

—i

1 min

Th

1 day

1month 1 year

80

70

[=10]

149°C
(300°F) _|

Tersile strength (ksi)

a0

40

— s

o}

1072

107" 1 10

Duration of precipitation heat treatment (h)

Figure 7: HardnessTensilestrengthtime curves at different ageing temperatfes.
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The precipitationis a diffusion phenomenoithat depends exponentialfrom the
temperature so when the temperature is increased the time necessary for ageing
decreasesThis allows reducing the costs of the treatment and it is the reason why

industrially, normally the ageing is artificial.

1.4 Defects in foundry casting

In the scientific literature, the foundry defects, especially those detected in components
produced by dieasting process, have been classified according to two different
approaches. The first one has been proposed by ¢bcksand classify the defects
according to their geometric positiom surface defects and internal defects. Figure 8

reports the classification by Cocks.

l Type 1: General
| Type 2: Splash and shotting |
| Type 3: Vortex

| Type 4: Lamination

[ Class 1: Cold shut !

:Category 1: | 1CIass 2: ’Type 1: Blisters

| Surface defects ‘ >| Smooth irregolarities | | Type 2: Sinks
e e ] | Type 3: Lakes
Al

Class 3: | Type 1: Drég marks
Rough surface J \ Type 2: Solder

r

S— v r .
‘Class 1: Gas porosity | Typs. 1> Hydrogen

) , | | Type 2: Oxidizing gases
Category 2: \ e—_=- =
Internal defects | '

- \ Class 1: Shrink porosity |
|

Type 1: Gross
Type 2: Intergranular
Type 3: Cracks - Hot tears

Figure 8: Classification of foundry defects according Cocks [17].
The second classification has been propose@dpbell[18] and is reported in figure

9. This classification considers the defects in accordance with the metallurgical causes

that have gave rise to the defects into the produced components.

21
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Defects in Casting

Gas Porosity Shrinkage Porosity Hot Tearing, cracks
Gas in solution Macroporosity
(Hydrogen)
Gas entrapment Microporosity
during filling (air) (interdendritic)
Binder breakdown
(core gases)

Figure 9: Classification of foundry defects accordi@gmpbell[18].

The most important foundry defects are:

Gas porosity:the main causes of theslefect are [19]: air, humidity and especially
hydrogen. The solubility of hydrogen in aluminum varies directly with temperature and
the square root of pressure; solubility increases quickly with increasing temperature
above the liquidus. Hydrogen has r@afer solubility in liquid aluminum then in solid
aluminum, as can be noted in figure Turing cooling and solidification, dissolved
hydrogen in excessf the extremely low solid solubilitgan precipitate in molecular
form, resulting in the formationfgrimary and/or secondary voidfgure 11). This gas
porosity has harmful effects on the mechanical properties of aluminum casti@g][20
This type of porosity is usually spherical in appearance. It can be avoided through
properdegassing of the moltemetal, appropriate gating design acwmirect pouring

practices

22
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Figure 11: Gas porosity (courtesy of Teksid Aluminum).
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Shrinkage porositythe transformation from liquid to solid state is accomplished by a
decrease in volume, so because of this volumetric difference shrinkage porosity occurs
during solidification.In aluminum alloys, the volumetric shrinkage that occurs during
solidification variesfrom 3.5 to 8.5%.Shrinkage pores generally are individuated in
regions suffering volume reduction, as a consequence of the phase change from liquid
to solid, where the feed metal has no access. These areas are called hot spot because are
islands & hot metal totally surrounded by solidified material. SEM images in figure 12

reports some shrinkage porosities.

Fill= 3244 A W= 16mm
ENT=2000kV  Signal A=SE1

Figure 12: Shrinkage porosit{courtesy of Teksid Aluminum).

Shrinkage porosities can act as stresses raisers and therefore they répecseorite
nucleation site for cracks, consequently are extremely deleterious for the mechanical
strength [2223]. As can be observed in the SEM image (figure 13), the shrinkage
porosities can be the nucleation site for a fatigue crack. Togng elements that
contribute to elevatettemperature strength such as iron, copped nickel increase
resistance to surface collapse, leading to contasheadkage voids.

24
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200pm' = Fill= 3081 A WO= 15mm
|_| ENT = 2000 KV Signal A= SE1

Fill= 3061 A WD= 15mm Operatore Chaistian Castels
2 12013
Wog=: 200X EHT=2000kV  Signal A= SE1 T e R |

Figure 13: Shrinkage porosityhat act as nucleation site for a fatigue crgmurtesy of

Teksid Aluminum).

Inclusions: non metallic inclusions, particularly oxides particles, are typical in cast
aluminum andare de to the high affinity between aluminum amckygen. The
oxidation rate ihigher than thenolten metal temperatures and increasgsmperature

and time of exposurancreases. Figure 14 reports a SEM image with the presence of
oxide particle. These inclims affect negatively the mechanical strength of

components [245].

25
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Fill= 2899 A WD= 15mm
EHT =20.00 kV Signal A= SE1

Spectrum 1

LMA-\/\ P SPNT

i ¥ 7 7 7 ? T Y 1 T
0 1 2 3 - S 6 7 8 9 10
Full Scale 241 cts Cursor: 0.000 keVv

Figure 14: Oxide particle (source Teksid Aluminum).

Bifilms: the high affinity between aluminum and oxygen give rise to the formation of a
layer of aluminum oxide (ADs) on the surface of molten aluminum. This oxide layer
protects the molten metal from the further oxidation. The presence of this layerdseco
deleterious during the various operasamhich involve the molten metal, especially
during casting operation¥he alumina oxide as a consequence of the turbulencedreat
could be entrapped inside the molten metal.this way, two not wettable oxd

surfaces, as can be observed in figure 15, come in contact between them and trap gas.
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Gas
phase

(

i

Figure 15: Creation mechanism dififilm [26].

The defect, called bifilm, act as a crack and can reduces drasticatigrfioemances of
aluminium alloys [27]. Figure 16 and 17 report the micrographs of some bifilms

individuated in A354 (AISi9Cu) aluminum alloy samples .

Bifilm

Figure 16: Same bifilm individuated in a A354 aluminum alloy (courtesy of Teksid

Aluminum).
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Bifilm Bifilm

Figure 17: Some bifiimindividuated in a A354 aluminum alloy (courtesy of Teksid

Aluminum).

Cold shut these defects originates in the cold area of dies, which are far from the
feeding channel. In these zones there is aquorect thermal regime so the material has

a inadequate temperature for its correct solidification as a result when this partial
solidfied material met a flux of hotter material creates a cold shut, as can be

appreciatedn figure 18.

Figure 18: Cold shut revealed in some aluminum components [19].
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Cracks these defects could have different sources: differential cooling, phase
transformation or heat treatments. Cracks are extremely deleterious for the mechanical
performances of aluminum casting because act assstaisers. Some cracks can be

observed in the microstructure reported in figure 19.

crack

Figure 19: Crack individuated in the fractured surface of an aluminum sample

(courtesy of Teksid Aluminum).

Iron Intermetallic iron is the principal impurity for alinum alloys, because form
variousintermetallic compoundsvhich are brittle and deleterioudsr the mechanical
properties, acting as stress raisers and for this reason as favourite nucleation site for
cracks. Differentypes of Ferich phase exist, such s-AlfF e S iAl,;5(Fé¥n)sSi, and
(PAlgFeSi, as illustrated in figure 20.
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Al\sFeS i

‘\\.

Figure 20: Optical microstructure showirfiAlsF e S {Al,15(Fd¥in)sSi; [28].

Iron intermetallic compounds can also be observed in some fractured surface (figures 21
and 22).

Mag= 1.00KX EHT=2000kV

Fill= 3061 A
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c |Bi ':
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Yo b\ . 'j';,\ Fe  Cu
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Figure 21: U-Al5(FeMn)Siiron intermetallic compound on the fractured surface of an

aluminum samplécourtesy of Teksidluminum).
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Spectrum 1
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Figure 22 U-Al15(FeMn)Si; iron intermetallic compoursdon the fractured surface of
an aluminum sampledetected closeot a shrinkage porositycourtesy of Teksid

Aluminum).

1.5 Mechanical components produced with aluminum alloys in the

automotive industry

In the last forty years, as can be observed in figure 23, the content of aluminum in cars

has had a sharply armmbntinuously increase, because of the increasing demand by the
automotive industry of using light materials. This due to the need of reduce car's weight,

in order to moderate the fuel consumptions of cars and at the same time also the
emission of gas, espally CO,, which is one of the gases responsible of the greenhouse

effect. The mnovative design strategiese directed toward weight savinghroughthe
substitution of swietth I(ijghit 7maBt eg/icath s man
g/cn?) and magnés u m ( 3} >Ralloys. [2P]. This is mery important because in

this way is possible reduce the car's mass and to obtain, the decrease of (figure 24): the
rolling resistance, the gradient resistance and acceleration resistance; all forces that are

directly proportional to the car's mass which compete with car's transfer.
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Figure 23: Trend of &Juminum content in cars in the last y@ars [30].

FSFW'I-FR+FG+FA

1.Aerodynamic
resistance

4 Acceleration
resistance

1‘:4 = l’mo@o a

2.Rolling
resistance

IR - L’R o@.g e cos U

3.Gradient
resistance

FG =@og osin O

Figure 24: Resistance forces to car move [30].

Nowadays, many car's parts and components are produced with aluminum alloys, as
reported in figures 25 and 26. In Europe the average aluminum content used for some of
the most important car corapent is [31]:

69 kg for the POWETRAIN: engine block antylinder head, transmission housings,

fuel system, liquid lines and radiators;
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37 kg for CHASSIS and SUSPENSIONradle, axlewheels, suspension arms and
steering systems
26 kgfor CAR BODY: (Body-In-Wh i t e ) lo&ds/hMddnéts, doors, front structure,

wings, crash elements and bumpers and various interiors.

The BIW (body-in-white) is the heaviest car's part, representing up to 30% of the total
car's weight. Amplifying the aluminum content it can reach an important and significant
weight saving.

S, .
Heat ethanger
Figure 25: Components realized with aluminum in a modern car [31].
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Figure 26: Aluminum applications in a car [30].

In figure 27 has been reported the relative and the absolute mass saving, achieved using
aluminum alloys for the production of automotive components. Is also reports the

market penetration for each components.
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Figure 27: Relative mass saving, absoluteass saving and market penetration

obtainable with aluminum alloys [32].
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Currently, two are the aluminum alloys series principallpped in the automotive
industry, for their good mechanical strength and formability [29,32]:

the nonheattreatable Al Mg-Mn (AA5xxx) alloys;
the agehardened AlMgi Si (AA6xxx) alloys.

In the case of particular components, suchuapers andrushzone the highstrength

AlT Zni Mgi Cu (AA7xxx) are used. These alloys have been developed and currently are
widely used in aerospace area, thanks to their high mechanical performances.

The multrmaterial designis the innovative car concept, that nowadays is under
development by the automobile area. The basic idea of this concept is thatthe use

i b e matedal for each car's components, that allpmsiucingemission reduced light
weight car without losingperformanceand first of all the car's passenger safety. The
adopted materials could laduminium together with high and ultragh strengttsteels,
magnesium and plastics or composifedri s i s the main objectiyv
C a (SL.C) project[32-33-34]. The result reached with this project is shown in figure
28.

Golf-V

=3 High strength steel
mmm Hot-formed steel

mmm Aluminum sheet

Em Aluminum cast

= Aluminum extrusion
3 Mg-sheet

= Mg-diecast

@ Fibre reinforced plastic

Figure 28: Final result of the SLC project based on the "muiléterial design" concept
[32].
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The research of this project led obtained a mass reduction of 95 kg (@3dés)o their
excellent properties such as: low density, high mechanical strength, good ductility and
formability and finally good corrosion resance; the aluminum alloys resulted to be,
based on the results obtained from the SLC project, as the most suitable materials to
produce car's components. They allow to achieve a weight saving and at the same time
also to maintairof high performances @mmore than ever elevate standard for as regard

the car's passenger safety.
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2 CORROSION RESISTANCE OF ALUMINUM ALLOYS

2.1 Introduction

Aluminum presents a good corrosion resistance in many corrosive environments thanks
to the passive oxide layer formation. Aluminum, as can be observed from the table
reported in table 3, is a thermodynamically re&ctmetal. Only beryllium and
magnesium are structural metals more reactive form thermodynamic point of view than
aluminum (table 3).

In oxygen containing environment, such as for example air and water, aluminum is
quickly covered by an oxide layer, whigirevents corrosion. This ADs layer is
chemically bonded to the surface and allows sealing the bulk of aluminum from further
corrosion.

The protective oxide layer has a thickness as a functidengperature, environment

and alloyng elements This oxidelayer in air and at room temperature presents a
thickness of about-3 nm, which can be increased up to 20 nm by heating at 425°C
[35]. As can be observed in figure 29, this protective layer presents a structure made of

two different layers:

the first aml inner one represents an impermeable barrier, which thickness is influenced
only by the environment's temperature;
the second and outer one is made of hydrate oxide and is more permeable than the inner

layer, due to the presence of many pores.
These oxide layers have a different chemical composition as temperature increases. At

lower temperature the main form is bayerite Al(@K)hile at high temperature is
boehmite AIO(OH).

37



Chapter 2 Corrosion resistance of aluminum alloys

Table 3: Electromotive force series for metals [36].

Standard potential ot 25 °C
Eectrode reaction (77*F), Vv SHE
Au** + 3 = Au 1.5
P&+ 42— Pd 0.987
Hg? + 2 — Hg 0.854
Agt+ e Ag 0.800
Hg3 + 2¢ - 2Hg 0.789
v Cu 0.521
Ce?* + 2~ - Cu 0337
M+ 2 - H, (Reference)
0.000
PPt e 2P -0.126
503"2('-050 -0.136
Ni** + 2= - Ni -0.250
Ce? + 2= Ni -02Mm
M+ =M -0336
W+ = n ~0.342
Ca*+2-Cd 0403
Rt + 2 - Fe -0440
Ga** + 3¢ - Ga -053
Co*t e 3 = Cr -074
Cr* s 2"+ Cr 091
203 4 2 2 2n ~0.763
Ma?* 4+ 2 — Mn -1.18
2™ v de S Us -1.53
Tt a2 =T ~1.63
AP 4 3 9 Al ~1.66
HI* 4 4¢ - Hf -1.70
UNesde U -1.80
Be** + 2 - Be -1.88%
Mg2* + 2 - Mg 23
Natse o Na -2.71
Ca¥*+ 2 Ca -287
K*4e 2K -293
Lt i ~3.08
SHE, standurd hydrogen clectrode
Pores in the
—L oaddo layer
Natural
songl ’. LY V1) oxide
%/N/ZT// tayer
i

Aluminum 99.99%

Figure 29: Structure of the protective oxide layer forms on aluminum surface [36].
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The Pourbaix diagram, represented as a plot of potentipHysllows to explain and
predict the passivity phenomenon, which control the corrosion behavior of aluminum.
As can be observed in figure 30 the®d oxide layer presents passivation into the pH
range of about 4 to 9, whereas beyond these limits alumand aluminum alloys are
subjected to corrosion phenomena in aqueous solution. This because the aluminum
oxide is soluble in some acids and bases over the passivation limits and so give rise to
the formation of A" ions in acids and on the other handA®? ions in bases. The

limits of passivation range, for aluminum, can change with temperature and as a
consequence of the presence of substances able to react with aluminum and form

soluble complexes and/or insoluble salts.

12
1.0 (b)
0.8
0.6
0.4
8:(2) : Al ALO, AlO;,
-0.2 4 @)
0.4
-0.6 -
-0.8 -
-1.0
-12
-1.4d  Corrosion Passivation Corrosion
-1.6 4
184
20
-2.24 Al
-2.4 1 Immunity

'2~6-'I‘I'l'l'l'l'l' o I

| A T A P U
2 -1 01 2 3 45 6 7 8 9 10111213 14

Potential (VS(,E)

pH
Figure 30: Pourbaixdiagram of AtH,O system at 25°¢37].

Generally, potentiodynamic polargtion test methodis adopted to evaluatehe

corrosion resistance of aluminum alloys.
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This test provides information about the kinetics of corrosion phenomenon. The kinetics
representhe rate of reaction duringorrosion.When a certain metal is insert into an
agueous environment, it stabilize to a precise value of electrochemical potential, which
is characteristic of the material and its composition for a given electrolyte. At this
potentialanodic and cathodic reactionpon the metal surface are equal, and the value
of this potentiglis significantly influencedby factors that camodify the relative rates

of anodic orcathodic reaction efficiency upon the metal surfamech as alloying
elements or precipitates. Thenetics information that can be obtained through the
potentiodynamic polarization test concemsrent density over a range of potentials,
pitting potential (if it exists), corrosion potential, the passive current denisitfigure

31 is illustrated golarization curve for pure aluminum comparedA®2024-T3 (Al-
4.3Cu1.5Mg-0.6Mn) in 0.1M NacCl.

{ —=— Pure Al
.04 4 —Y—AA2024-T3

E (VSCE)
=

o Ap et 4o

i (Alem?)
Figure 31: Polarization curve of pure Al and AA20248 exposed to 0.1M NaCl for 7
days collected at 1m\W§[37].

Observing this curve information, abobetanodic/dissolution reaction, can be obtained

from the anodic branch of the curve meanwhile from the cathodic branch of the

polarization curve, can get information fora@cerns the reduction reaction.
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Moreover, from figure 31, can be observe that the addition of noble alloying elements
gives rise to an increase of the corrosion potential to more noble values. Since the main
corrosion form for aluminum alloys is pitting corrosion, a higher corrosion potential
value does not means higher corrosion resistance. The corrosion resistance of aluminum

alloys is mostly affected by their chemical composition and microstructure.

2.2 Causes of corrosion

The corrosion phenomenon of aluminum and aluminum alloys is essentially an
electrochemical process that can be considered, as a flow of electric current between
anode and cathode. As concerns aluminum alloys, that contain seversl dfype
intermetallic phases, the corrosion on these alloys is mainly a microgalvanic process
bet ween i nter met &l rairix. Hqnde assfundameatal do krow the U
electrochemical characteristics of these constituent particle. The chemical d¢@npos

of intermetallic phases as their spatial distribution and density are all features that affect
the level and the morphology of subsequent corrosion.

2.2.1 Effect of the alloying elements

Figure 32 reports the effect of the principal alloying elements, on the electrolytic
solution potential of aluminum. One can be noted that Cu, Mn and Si act cathodically
towards aluminum, while el ements sueh as |

auminum matrix.
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Figure 32: Effect of some alloying elements on electrolytic solution potential of
aluminum. Potentials are for higiurity binary alloys solution heat treated and
quenched. The data are obtained using a solution of 53 g/l NaCl plus 3Qy/l H
maintained at 25°C [2].

2.2.2 Effect of the microstructure on corrosion

The aluminum alloys microstructure is influenced by the chemical composition, the
casting operation and by the thermal treatments adopted. As the corrosion resistance is
mainly affected by the grain structure and the presence and the distribution of second
phases as constituent particles, precipitates and dispersoids. These particles generally
have a different electrochemical characteristics compared to that d&faheninum

matrix, certainly they may be anodic or cathodic with respect to the makisIebds

to the formation of micr@alvanic couples resulting in localized corrosion phenomena.
Table 4 reports a summary tfe corrosion potential valuder intermetallic phases

common to aluminum allofamilies mainly in chloridecontaining solutions.
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Table 4: Corrosion potential valudsr intermetallic phaseg£ommon in many

aluminum alloys, in NaCl solution [38].

Stoichiometry Phase Corrosion potential (mVscg)

0.01M 0.1M 0.6 M

AlzFe B —493 -539 —566
Al,Cu 0 -592 —665 —695
Al3Zr B —752 ~776 —801
AlMn - -839 779 913
Al;Ti B -620 —603 —799
Al3,Zn,e T ~1009  -1004  —1063
MgAls B 1124  -1013  —1162
MgZn, M, n ~1001  -1029  —1095
Mg,Si B —-1355 —15638 —1536
Al,Cu,Fe - 549  —551 654
Mg(AICu) - —898 —943 —936
Al,CuMg S —956 —883 —1061
A|2()CU2M N3 e -550 -565 —-617
AlyMnsSi = ~890 810 858
Al-2%Cu - -813 —672 —744
Al-4%Cu - —750 -602 —642

2.2.2.1 Pitting corrosion

Pitting corrosion is the main form of corrosion for aluminum alldyeme aggressive
environments, especially those containimglide ions, such as chlorides, that break
down the passive film formed on the surface of aluminum alloys and consequently lead
to the formation of pitsPits generally are formed in correspondence of defects present
in the passive layer, for example scratche®chanical defects or discontinuities.
Pitting, as a corrosion phenomenon, takes place only when pH is close to the neutral
values, because the oxide layer is unstable in a bulk sense under acidic or alkaline
conditions.Chlorides, which are harmifinalide ions, through the formation of Al€I

give rise to the breakdown of the protective film and when aluminum ions move away
from the pits, aluminum oxide precipitates and create a sort of membrane that isolates

and intensifies lochl the acidity and sustaingitting formation.
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Usually pits present a semicircular shape, as can be observed in figure 33, which is
affected largely by th type of alloys and the environment involved into the corrosion
phenomenon. Most dhe pitting is influenced by the alloy microstructure and by the
presence of intermetallic particles, anodic or cathodic with respect to the aluminum
matrix. Because of th, two main types of pit morphologies were observed. The first
one is the circumferential pit morphology, which appears as a circle of attack around a
more or less undamaged particle and in this case the corrosion occurs mainly into the
matrix, while thesecond type of morphology is due to the selective dissolution of

particles.

"t

Figure 33: Hemispherical pits on aluminum 99.999% 1nOM NaNQ solution at
E%41.84 VSHE [39].

As enunciated before the constituent particles and the intermgialticles play a
fundamental role for the pitting corrosion of aluminum alloys. For this reason, recently,
many studies have been carried out in order to get a deeper knowledge on the influence
of these particles on the corrosion performance44(. In [40] the authors have
demonstrated that silicon can allows to increase the resistance of passive film, formed

on the surface of a A12%Si aluminum alloy imeutral and slightly alkaline solutions.
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This is due to the capacity of silicon to modify the adsorption of chloride ions, delaying
it, and in addition becaus#licon oxide as illustrated in figure 34elps to block entry

sites and restricts the transpofichloride ions through the passive film

SiO, AIOOH/AIO,

| ZZ == ~ 7/ S /S,

R R

Primary Si particles
Figure 34: Scheme shoimng the alloysolution interphasend the presence of SIO
particles within the AIOOH/AIO; layer [4Q.

As silicon, also irofrich intermetallic particles are cathodic with respect to the
aluminum matrix. These Afe-Si compounds crystallized in different forms, because of
the different amount of sil i cdlkeSianint he
hyper eut ec tAlcF eaSlidA bayhsd S alihIFeBilingererbetallics are noble
than the matrix so makes the alloy susceptible to localized corrosion [41]. Through the
addition of Mn  t-AlfeSi ceo rbe maodified gnto  ABefSi-Mib
compounds that, from the electrochemical point of view, are less cathodic with respect
to the mat r i-AfFeSt[d2inGantragy tb the ioonich intermetallics, MgSi
hardening precipitates obtained thorough the heat treatment, not only allowrtvém

the mechanical properties of aluminum alloys but also are anodic with respect to the
matrix allowing to increase the localized corrosion [43]. Moreover, magnesium
precipitates as AFe-Si-Mg compounds, with a Chineseript morphology, are
cathodic espect to the aluminum matrix, but less detrimental thaReAlAFFe-Si and
Al-Fe-Si-Mn as a consequence of the presence of magnesium [44]. Finally R.Arrabal et
all. [44] have demonstrate that A356 {Bi7%-Mg0.3%) aluminum alloy produced by
rheocasting aute shows a higher corrosion resistance compared to the same alloy

produced by gravity casting process.
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This is justified by theeduced potential differences between Skirfieemetallics and
the eutectic aluminum phase, -Amarix.t o a hi gt

2.2.2.2 Galvanic corrosion

The galvanic or bimetallic corrosion is a form of corrosion that take® plden two

metals, with a large difference between their corrosion potentials, are in contact
suitable electrolyte, originating a current flow and therefore a considerable corrosion.
An appropriate electrolyte, for the galvanic corrosion, is repredelny the seawater

due to its low electrical resistance.

Aluminum is an anodic element to many others metals consequently aluminum and its
alloys act, as anodes in galvanic cells, with other metals therefore aluminum and its
alloy are subjected to corrosion.

Table 5 reports the galvanic series of some metals adinsome aluminum alloys
exposed to seawater: only magnesium, zinc and galvanized steel are more anodic than

aluminum and its alloys.
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Table 5 Galvanic series of some metals and of some aluminum alloys exposed to

seawater [2].

Active end (anodic or least noble)
Magnesium

Magnesium alloys

Zinc

Galvanized steel

Aluminum 1100

Aluminum 6053

Alclad

Cadmium

Aluminum 2024 (4.5 Cu, 1.5 Mg, 0.6 Mn)
Mild steel

Wrought iron

Cast iron

13% chromium stainless steel type 410 (active)
18-8 stainless steel type 304 (active)
18-12-3 stainless steel type 316 (active)
Lead-tin solders

Lead

Tin

Muntz metal

Manganese bronze

Naval brass

Nickel (active)

76Ni-16Cr-7Fe alloy (active)
60Ni-30Mo-6Fe-1Mn

Yellow brass

Admirality brass

Aluminum brass

Red brass

Copper

Silicon bronze

70:30 Cupro Nickel

G-bronze

M-bronze

Silver solder

Nickel (passive)

76Ni-16Cr-7Fe alloy (passive)
67Ni-33Cu alloy (Monel)

13% chromium stainless steel type 410 (passive)
Titanium

18-8 stainless steel type 410 (passive)
18-12-3 stainless steel type 316 (passive)
Silver

Graphite

Gold

Platinum

Passive end (cathodic or most noble)

One of the possible solution to reduce the corrosion of aluminum and its alloys, in
contact with other metals, is t to reduce, as much as possible, the ratio of the exposed
area of aluminum to the cathodic metals. Moreover, the Lipaintsor some type of
protective coatings, applied on both the aluminum and on the cathodic metal or only on
the cathodic metaliepresentsanother possible and suitable solution to increase the
corrosion resistance of aluminum and its alloys.

In some automote applications aluminusminc alloys are frequently used, as sacrificial

anodes, to protect the steel structures.
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2.2.2.3 Intergranular corrosion

The intergranular corrosion resistance (IGC) is caused by the difference between the
potential corrosion of precipitates, formed in the grain boundaries, and the matrix that
leads to the formation of microgalvanic cell.

Based on their chemical composition precipitates can be anodic or cathodic with respect
t o tahlreinutd matrix. For this reason if alloying elements are noble (inactive) can
precipitate at the grain boundaries, producing the formation of a exhausted and
electrochemically active area, next to the grain boundaries. On the contrary, if the
alloying elements are electrochemically active, can precipitate at the grain boundaries
and consequently the metal close to the grain boundaries becomes noble.

IGC compaed to pitting corrosion is a faster corrosion process, but an inferior depth
can be reached, as a consequence of the limited transport of oxygen in the narrow
corrosion path. Both IGC and pitting corrosion are deleterious and have a negative

effect on thecorrosion fatigue of the alloy [2,38].

The intergranular corrosion resistance is mainly influenced by the heat treatments
carried out and their effects on the morphology and size of the grain boundary
precipitates. The chemical composition of both grawurlwlary precipitates and

aluminum matrix are important too.

Aluminum -copper alloys are particularly sensitive towards the intergranular corrosion,
due to the precipitation of ACu particles, as a result of the thermal heat treatments, that
leaves theadjacent solid solution anodic. As can be observed in Figure 35, the thermal
treatments determines the precipitation of very high copper content precipitates, on the
grain boundaries, that consequently cause the formation of a edgpleted area, close

to the grain boundaries. A galvanic cell results from the difference of electrochemical
potentials of copper rich matrix and copper depleted area. Moreover the anodic copper
depleted region has a small area compared to the cathodic matrix and this cause a
superior force for intergranular corrosion. The use of a T8 heat treatment can represent a

useful solution to increase the 2xxx aluminum alloys IGC resistance thank to a
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precipitation, that is not limited to the grain boundaries, but also takes place throughout

the grain structure [2].

@ Al-4% Cu

2 RN

Figure 35: Scheme of the grain boundary area in a 2xxx aluminum alloy [38].

Also Al-Zn-Mg-Cu alloys aresusceptible to intergranularorrosion because of the
precipitation of anodic Mgzn phase [38, 486]. Figure 36 highlights the
microstructure of the grain boundary of 7055 aluminum alloy. Can be observed that the
grain boundary e gi on can cont aijynandpar peecipitagtied-zance e s
(PFZ) close to the grain boundary, has a different electrochemical behavior than the
inside grain boundary. The formation of a microgalvanic cell can be caused by the
electrochemicaldif er ences bet we eyngrain hoendaiespredptates| ( Mg

and the adjacent cathodic matrix.

L
e ; = the matrix
«
n phase and ) ® e
pre-precipitation
equilibrium phase N — ] » PFZ

Figure 36: Scheme of the grain boundary area in a 7055 aluminum alloy [47].
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Recently a study [48] has demonstrated, as shown in Figure 37, that the grain
coarsening of the 70756 aluminum alloy determines a decrease of its corrosion

resistance.

Figure 37: Optical microgaphs of the surfaces of 701® aluminum alloyspecimens
exposed to a deaerated 0.5M NaCl solutiohg85mVSCE: (a) aseceived specimen

and(b), (c) and (d) specimens with grain sizes of 40, 130 angi290espectively48].

According to an anotheresearch paper [45] is possible to enhance the intergranular
corrosion resistance of An-Mg-Cu-Zr aluminum alloy, through the addition of
erbium and chromiumwhich act as recrystallization inhibitors. This increase IGC is
achieved thank aan-recrystallzed grain structure together with fine and scattered grain
boundary precipitates.

The AlMg-Si (6xxx series) alloys have a better corrosion resistance tttgahigh
strength2xxx and 7xxx series aluminum alloys [49].

Alloys of 1xxx series (pure Alvhich does not contain any second phases and the alloy
of series 3xxx (AIMn) which has precipitates (Mndl with a corrosion potential close

to the aluminum matrix, are not subjected to intergranular corrosion.
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2.2.2.4 Stresscorrosion cracking

Stress corrosion cracking (SCC) is the progressive growth of cracks under the
contemporary action of a static stress and a chemically aggressive environment. From
electrochemical point of view, for the development of the stress corrosion cracking
phenomenn, the susceptibility to intergranular corrosion is a fundamental condition.
The failures of many metals, caused by stress corrosion cracking, have been connected
with electrochemical activity [2]. Up to now different theories have been developed to

descrbe the mechanism of stress corrosion cracking, summarized in Figure 38.

® ) /7/5/ )

(©)

Figure 38: Scheme of soménéories developed up to now to explain the SCC: a) anodic

dissolution; b) hydrogemduced cracking and c) break of passive film [2].
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The first theory, as illustrated iRigure 3&, onsiders the anodic dissolution of grain
boundaries precipitates, as the process #xplains the SCC; according to the second
theory (Figure 38b) the principal phenomenon that takes place and gives rise to SCC is
the hydrogen induced cracking, where the atomic hydrogen adsorbed weakness the
grain boundaries; finally the third theoryoposed, reported in Figure 38c, assumes that
the interruption of the protective passive film, along the grain boundaries, is the

principal cause that origins SCC.

The lowest value of tensile stress that can determines SCC is inferior compared to the
mecroscopic yield strength. The SCC cracks development is influenced by the
magnitude and the application time of the tensile stress. Also the residual stress,
originated after the quenching of aluminum alloys, play a crucial role for the SCC. For
this reasa frequently, aluminum components, after the heat treatment are submitted to

a stress relieving process, in order reduce the intensity of the residual stresses.

The stress corrosion cracks are mainly intergranular, nevertheless under the action of
some jarticular environment can also be transgranular type.

The susceptibility to SCC, of some aluminum alloys, is strongly affected by heat
treatments. As a matter of fact, as can be observed in the image reported in Figure 39,
the heat treatments, that allow to reach a high stress corrosion resistance atethose t
make available or a microstructure free of precipitates, along the grain boundaries, or a
microstructure characterized by a uniform distribution of the precipitates within the

grains and not only along the grain boundaries.
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Figure 39: Microstructures of 5356H12 alloy after treatment to produce varying
degrees of susceptibility to SCC. a) Cold rolled 20%; highkistant. b) Cold rolled

20%, then heated 1 year at 100°C; highly susceptible. c) Cold rolled 20%, then heated 1
teat at 150°C; slightly susceptible. d) Cold rolled 20%, then heated 1 teat at 205°C;

highly resistanf2].

As reported intable 6, onecanobservethat theoveragng treatment allows to increase

the SCC resistance of some aluminum alloys.
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Table 6: SCCresistance of some aluminum alloBs]|

Alloy and temper SCC resistance
2014-T3 Poor
2024-T3, T4 Poor
2024-T8 Good
2124-T851 Good
2219-T3, T4 Poor
2219-T6, T8 Excellent
6061-T6 Excellent
7049-T73 Good
7x75-T6 Poor
7X75-T73 Excellent
7X75-T76 Intermediate

Especially aluminum alloybelong to2xxx, 5xxx and 7xxx series are susceptible to the
stress corrosion cracking. The use of 7xxx series aluminum alloys has been strongly
limited by its low SCC resistance, so tbis many research have been carried out with
the goal to enhance the stress corrosion cracking -@nMg-Cu aluminum alloys.

Many studies [561] have demonstrated that incre#fse size and spacing of tigeain
boundaries precipitate§&GBPs), is a suitable way to enhance the SCC resistance of
7xxx high strength aluminum alloys.

Another possible solution studied in [52] has been oriented to increase the Cu content
,which contribute to increase the stress corrosion cracking resistanceghthttoe
decrease of the electrochemical activity, allowing to enhance the crack initiation
resistance.

Moreover, has been demonstrated thatri€le and Sirich phases have a different
corrosion potent i alaumimumpnatix584].t Gonseégheatly, o f
in an corrosive environment, they are subjected to an anodic dissolution and therefore
can act as initiation site for cracks and can promote the production of hydrogen on the
cathode [52,55]. Increase the silicon content up to 0.261 % (m@asi®n) in a 7050
aluminum alloy, subjected to &7651 heattreatment, allows to increase its SCC
resistance [56].This because enhance Si content decrease the content of other coarse

phase and increase the distance between them.
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The addition of erbium and chromium to the-Ai-Mg-Cu-Zr, which act as
recrystallizationnhibitors, allow to improve the stress corrosion resistance
significantly[45] as reported in Figure 40.

The crack propagation rate of-Zh-MgECUEZrEErECT alloy is lower than that of A

ZNBEMg'ECUEZr alloy and moreoveK sccvalueis increasedK sccis thecritical stress

intensity factor of stress corrosioaoracking which representshe stress intensity at

which the crack velocitgchieveda minimum valuabout10*° m s?.

107
_ 10t
; . —=— Al-Zn-Mg-Cu-Zr
= —eo— Al-Zn-Mg-Cu-Zr-Er-Cr
107

§ 10 12 14 16 18 20 22 24 26 28
K/ MPam'"

Figure 40: Crack propagation rate (v) versus crack tip stress intensity fagjan(K
3.5 wt% NacCl solution of AZNWBMIgECUEZr and AIZnWBMgECUEZrEErECT alloys B5].

2.2.3 Effect of environmental variables on corrosion

More than chemical composition (presence of alloying elements), microstructure and
metallurgical variables, for example heat treatments are the main variables which affect

significantly the aluminum alloys corrosion resistance.
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Other important variables to consider are the environmental variables:

water;
pH;

temperature.

Effect of water

The presence of water represents a fundamental requirement for aluminum alloys
corrosion. Water can be present in different forms, such as: isolated droplets, film of
moisture condensed on aluminum surface and finally as aqueous solution. The presence
of ar, which contains oxygen, in contact with water can increase the corrosion of
aluminum alloys while the absence of air can block the corrosion phenomenon. At
room temperature aluminum alloys have a good resistance towardputighwater
whereas at higtemperatures they do not present a good resistance. The presence of Ni
and Fe allow to enhance the corrosion resistance of aluminum alloys t@urigh

water [2].

Effect of pH

The Pourbaix diagram reported in Figure 33, based only on thermodynamics
considerations, indicates that aluminum alloys in contact with a agqueous solution, have
a good corrosion resistance in the pH range-@f @enerally aluminum alloys present a

low corrosion resistance when are in contact with both strong acids and dlkales

can be observed in Figure 41, there are some exclusion.

Consequentlyhe corrosivity of environments is affected not only by pH.

56



Chapter 2 Corrosion resistance of aluminum alloys

25 T T T T T T

a, Acetic acid

b, Hydrochloric acid
¢, Hydrofluoric acid
e d, Nitric acid

15} e, Phosphoric acid .

f, Sulfuric acid

g. Ammonium hydroxide
h, Sodium carbonate
1.0 j, Sodium disilicate 7
k, Sodium hydroxide K

Corrosion rate, mm/year

Figure 41: Effect of pH on corrosion of 110814 alloy by various chemical solutions

2].

Effect of temperature

The effect of the temperature on the corrosion of aluminum alloys is influenced by the
chemical substances in contact with theafbys. For example in mineral acids,
organic acids and alkaline solutions a temperature increase determines a higher
corrosion rate, while for example in monoethanolamine a temperature increase decrease
the corrosion rate, due to the development of the protective oxide layer. However, the
influence of the temperature on the corrosion rate edldlys is enough complex, as

repated schematically in Figure 42.
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Figure 42: Effect of temperature on the corrosion of 1100 aluminum alloy in sulfuric
add [2].

2.3 Corrosion prevention methods

Different strategies have been developed to increase the corrosion resistance of
aluminum alloys and these, allow to increase the overall number of applications of Al
alloys, in aggressive environment siahmarine ambient. The main adopted corrosion

prevention methods are:
inhibitors;

conversion coatings;
anodizing;

organic coatings.

Inhibitors

Inhibitors are chemical substances, soluble in water, allowing to slow and reduce the

corrosion of aluminum allgs.

58



Chapter 2 Corrosion resistance of aluminum alloys

The soluble corrosion inhibitors are divided into two main categories: "anodic
inhibitors" that reduce the anodic reactiand "cathodic inhibitors" which reduce the
cathodic reaction. The anodic inhibitors increase the corrosion resistanceatbdyAl
through the increment of the pitting potential, whereas cathodic inhibitors act reducing
the rate of oxygen reduction reactiom the aluminum alloy surfaces.

Generally inhibitors are ions in solution. Some anions which inhibit corrosion are:
chromate, phosphate, nitrate and silicate; while cathodic inhibitors are cations of
strontium, cerium and lanthanides. Moreover exist sorganic substances that act as
inhibitors for aluminum alloys corrosion, such as phosphonates, sulfonates and
benzoates.

Conversion coatings

Conversions coatings are widely used to increase the corrosion resistance of aluminum
alloys. In the conversion coating processes the surface that has to be covered by a
protective layer, is positioned in contact with the aqueous solutions containingesurfa
activators and coatinfprming substances. The principal conversions coatings used are
the chromate conversions coatings. In this process is used a sodium dichromate
solution, which contain hexavalent chromium, extremely dangerous compound for the
humanhealth [57]. For this reason some alternative methods have been studied. The
most relevant possibility isanodising,rare earth inhibitors and coating&specially
coatings containing Ce and other resaths are currently considered valid possible
subsitution for chromatebased protective coatings [58].

Another remarkable solution [59], to the chromate coatings involves the usecof
magnesiurrpigments, produced by atomizatjoand allows to increase the corrosion

resistance oAA 2024 aluminum alby.

Anodizing

Anodized coatings are realized through a process involving the immersion of the
surface to covered, into a acidic baths, which contain substances able to promote
electrochemically the development of a well adherent oxide film. These tyopaiiigs

increases the overall aluminum alloys corrosion resistance.

59



Chapter 2 Corrosion resistance of aluminum alloys

Usually the principal acidibath used are the chromic acid bath and the sulfuric acid
bath. Recently, a research [60]shows that the use of boric acid, helps to increase the
corrosion resistance dforic/sulfuric acid anodic film on 7050 aluminum allofn

example of anodizing coatiran a AA6060 aluminum alloy is shown in Figure 43.

Figure 43: SEM image of a anodizing coating on a piece of extruded AA6060

aluminum alloy [38].

Organic coatings

The organic coatings can provide an increase of the aluminum alloys corrosion
resistage by two different modes: barrier protection and active corrosion protection.

The previous one is based on the concept to avoid the contact between aluminum
substrate and corrosive environment, whereas in the latter one protection is due to the
release ofcorrosion inhibitors. Recently, some studiesf®] have demonstrated that

the use opolymeric coatings antaining epoxy ester, polyureaand
polymethylhydrosiloxang61] and the adoption ofl@y/epoxy ester composite coatings

[62], are suitable protectvcoatings that let to increase the aluminum alloys corrosion
resistance.
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Moreover a research has revealed thalymer claynanocomposite coating$®CN),
consisting of polyurea, siloxanegpoxy esteand montmorillonite clay63], are useful

to enhance the corrosion resistance ofAh024-T3 aluminum alloy. Thencreased
corrosion resistance is due to the barrier effethefprotective coating that reduces the
diffusivity of reactants, such as for example oxygen, water and salt and consequently

increases of thpolarization resistance of coated aluminum alloy substrate
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3 SELF HARDENING ALUMINUM ALLOYS

3.1 Introduction

Self-hardening aluminum alloys (An-Si-Mg alloys) are an innovative class of light
aluminum alloys that have high mechanical properties, which make them suitable for
many applications in different industrial fieldehe most important and relevant featur

of the selthardening alloys is related to their good performance, without the need of
any heat treatment: they are subjected to a natural ageing phenomenon at room
temperature after a storage period of abeli0 tlays[64-69]. The possibility to avoid

the heat treatmenmtpresents aimportant benefitcontributing to reduce considerably

the production cost of some componeatsd the energy consumptioMoreover,
without heat treatment is completely eliminated the risk of component's deformation,
that ca occur during the different steps of heat treatment, and which are the main

reason of most of the component's faults.

Table 7 shows the chemical composition of the -Bafflening alloys currently

produced.

Table 7: Chemical composition of the sdiidening aluminum alloys currently
produced [70].

Alloy In Si Mg Fe Cu Mn Ti Al
AlZn108i8Mg 9.0-10.0 §5-0.5 03-0.5 0.15 0.03 0.10 0.15 bal.
(UNIFONT-90)

AlZn6Si8Mg 9.0-10.0 §5-05 03-0.5 04 0.03 04 0.10 Bal.
(UNIFONT-%4)
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The chemical compositions of these two alloys present some small differences, mainly
for as concerns the Fe and Montent(wt%): UNIFONT-94 alloy conain just a lit bit
higherpercentagef iron andmanganeseompared taJNIFONT-90 alloy.

UNIFONT-90 dloy is suitable for sand and permanent mould casting process, while

UNIFONT-94 alloy is appropriate for high pressure die casting procedure.

3.2 Properties

The mechanical properties of the dedfrdening aluminum alloys are reported in table 8.

Table 8: Mechanical properties of the sdélardening aluminum alloys currently
produced [70].

UNIFONT-%0 Sand casting 220-250 190-230 90-100
UNIFONT-90 Permanent moul 280-320 220-250 1-4 100-120
casting
UNIFONT-94 High pressure 300-350 230-280 1-4 105-120
die casting

These mechanical properties are achieved after a storage period of difodays at

room temperature and no heat treatment is necessary to reach these mechanical
performances, according [64-69]. The selfhardening aluminum alloys reach 50% of

the find mechanical properties, one day after the casting; then after three days they
achieve 80% of the final mechanical strength and finally after, approximately seven to

ten days, their final mechanical properties can be reached [66].

As can be observed intdig 8, these aluminum alloys have high mechanical properties
and principally show high yield strength values, which is a fundamental mechanical
characteristic mainly for all the structural mechanical components production.
Especially for UNIFONT90 alloy, the low iron content has a beneficial effect on the

mechanical properties and good fatigue strength.
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The main aspect which regsents a limitation fothe application of these alloys
related to theifow value of A%.

According to [64] there are other interesting properties of these aluminum alloys, and in
particular:

good castability;

light weight;

good wear resistance;
low thermal expansion;

good machining.

3.3 Applications

Selt-hardening aluminum alloys are employed for the manufacturing of components,
which require high mechanical performances. They are suitable in automotive and
defense industry and in medical engineering [64,66]. In addition, they are employed for
the praluction of: textile machinery parts, cable car components and mould [64]. Some

applications of UNIFONTO0 are illustrated in Figures 44 and 45.

Figure 44: Car's door panel produced with UNIFOMNU selthardening aluminum
alloy [70].
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Figure 45: Chassis for robotealized with UNIFONT90 selthardening aluminum
alloy [70].

Components produced with UNIFOMNH selfhardening aluminum alloys are

visualized in Figures 46 and 47.

Figure 46: Supports for vibrations dumper fabricated with UNIFOBA self

hardening aluminum alloy [70].
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Figure 47: Supports for the table of plane's seats produced with UNIF@NSelf

hardening aluminum alloy [70].
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4 REAL CASE STUDY

4.1 Introduction

Selthardening aluminum alloys (AIn-Si-Mg alloys) represent an innowa class of

light aluminum alloysas illustrated in the previous chapter aheyt present high
mechanical properties, which make them suitable for many applications in different
industrial fields, especially in transport industry. The most important and relevant
feature of the selhardening alloys is related to their good perforoganwithout the

need of any heat treatment: they are subjected to a natural ageing phenomenon at room
temperature after a storage period of abeil® fays. The possibility to avoid the heat
treatment represents an important benefit, contributing to cenagily reduce both the
production cost of some components and the amount of energy. Furthermore, without
heat treatment the risk of component's deformation during the production is eliminated.
The presentPhD thesisis inserted n this context and presenthe results of the
investigation about theptimization ofarecently developed "selfardening" aluminum

alloys [67-69] produced by dieasting. The specific aim of the PhD thesis tise
development of the self hardening alloy, starting from a basic position
(AlZn10Si8Mg) and the optimization of the alloy lagldition of different amount of

Mg. The PhD thesis was focalised on the studyhef éffect of the Mg content and of

the cooling rate on the microstructure of three differenttsmiflening alumiam alloys

as an alternative tilne heat treatable aluminium alleyThe optimal composition will be
employed for the production @hechanical componenis automotiveapplication and

the future target is to substitute the currently used A356 (AlSi7MgluB)inium alloy
(adopted by Teksid), to produce the knuckle component (described in section 4.2).

Once the bibliographic data was collected, a consistent part of this thesis was dedicated
to study of the microstructural characteristics, the mechanicalvioeinaand the
corrosion resistance of different compositions casted and on the basis of the results
obtained it was possible to choose the more appropriate composition for the above

mentioned application .
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4.2 Knuckle component

In Figure 48 is reported the knuckle component that currently Tekedlices using
A356 aluminium alloy. The main function of this component is relateattéches the
wheel end braking components to the suspensam illustrated in Figure 49.
Additionally, it suppors the loadand/or torque induced by bumping, brakiramd
acceleration an@lso helps in steering the tire connecting tie rod and rotating at the

ki ngpinbs axis center.

STRUT attachment

WHEEL BEARING attachment

ABS SENSOR attachment

TIE ROD attachment

CALIPER attachment

CONTROL ARM attachment

Figure 48: Knuckle component produced by Tekéiburtesy of Teksid Aluminum).
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Figure 49:Knuckle componeni71].

Due to itsrelatively complex geometry, knuck®mponent iggenerally cast anthen
machined. It has a mass of about 3.5 Kg after casting and more or less of 3 Kg after
machining operations. Currently, low pressure die casting has been employed in Teksid
for the production of this component using A356 (AISi7MgGRiminum alloy. h

order to meet the rigorous mechanical requiremaifiesr casting the component is
subjected to a specific heat treatment, generally T6 heat treatment.

Generally,heat treatmenis a time and energy consuming process, which can giee ri

to many faults. Especially deformatigreecurringduring the different steps of the heat
treatmentare one of the main fault cauda. addition,a considerably increase tfe
production cost of some componentsasning fromthe heat treatmenfor this reason

in the following section of the thesgpecial attention has been dedicatechow T6

heat treatment affects the final cost of knuckle compomeported inFigure 48.
Additionally, the feasibility of the substitution of the A356 alloy with hiZn10Si8Mg

alloy, from the economical point of vielnas beemronsidered andnalyzed.
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4.2.1 Analysis of the heat treatment costs for the production of knuckle
component

There are many parameters which are directly connected to the global production cost
of any component.

In particular, for the knuckle component reported in Figure 48, the main elements
influencing the whole manufacturing cost is schematically represented in Figure 50. The
most important factors are:

operator machine;

gas consumption;

electricity consumption.

These elements influence the cost of the heat treatment and consequentlyndeterm

how the heat treatmet affects the final cost of the production of the knuckle
component

Based on some data coming from Teksid Aluminium, in the present PhD Thesis some
economical consideration have been performed. The heat treatment has a cost of abo
0.55 U for single component, subjected toc
production of about 400EO000 knuckl e compor
of the heat treatment one can be alehieve

observed from the detailed data reported in Figure 50.
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Costs [€/pz]
Operator machine 0.20
Gas consumption 0.26
Electricity consumption 0.09
Costfor single component [€] 0.55

Annual production 400 000 components

Annual production cost 220°000€

Figure 50: Elements of cost of the hetteatment used for the knuckle component of
figure 48 and annual production cost of

components.

Other costs that can be abolished through the removal of the heat treatment are

indicated in table 9 .

Table 9: Costs that can be eliminated without the realization of a heat treatment plant.

He at treatm
reali zati on 2E000EOQ0O00
Annual maintenance cost
of heat treatment plant
[ 4] 170E000
Cost saving realized
without the realization
of a heat treatment
pl ant [ 0] 2E170E000
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As a consequence, the total cost saving, excluding any heat treatment, generally

adopted for the knuckle component i s about
This results from the sum of: 220EO000 0 1t}
annual production of 400EO000 knuckl e compc

the cost of realization and the cost of annual maintenance of a heat treatment plant.
Table 10repors a comparisorbetweenthe cost analysifor the annual production of
knuckle componentusing A356 aluminium alloy and AlZn10Si8Mg seffardening
aluminium alloy. This analysis has been realized considering the knuckle component,
reported inFigure 48, which has a mass of 3.5 Kg andually there & an annual
production of 40000 componentsBased on these considerations oa@ conclude
thatthe produdion of 400B)00 knuckle components, with the AlZn10Si8Mg alloy as an
alternativeof A356 alloy, determines a considerable increase of the produwbisin
about R6® 0 0 U .

Table 10: Comparison of the cost analyg§an annuaproduction of4 0 0 Ekbu@kde
componerg, with the A356 aluminium alloy and with the AlZn10Si8Mg sedfrdening

aluminium alloy

Alloy A356 AlZn10Si8Mg
Purchase co 2 2.9

Production cost for

single comp 7 10.15

Annual production cost

a ] 2E800EO00 4EQ060EO0O0
Difference  between

production

costs [ U] 1E260E000
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The substitution of the A356 alloy with the AlZn10Si8Mg gedirdening alloy, for the
annual pr odu &rudckle compohents! givesHiSeGa0

.a total cost saving of 2E390EO000 44, achi e\
.and to a considerable increase of the pro

actual high purchase cost of the dedfdening aluminium alloy.

Currently the selthardening alloy has a price of about 50% higher than that of the
A356 alloy, but is mportantto consider that the alloy's pri@an be subjected, during

the time, to relevant oscillation#t the beginning of the productiothe use of this

alloy is nona convenientchoice from economical point of viewbut there are other
comforting @rameters which encourage this option:

the studied selhardening alloy represent an interesting alternative to the heat treatable
aluminium alloys, because consent to achieve an important energy saving, especially in
terms of gas and electricity comsption, as can be observed by the data reported in
Figure 50.

In the next section of this thesis will be presented and discussed the results obtained
about the microstructure, the mechanical properties and the corrosion resistance of the

selthardeningaluminum alloy investigated.

4.3 AlIZn10Si8Mg self hardening alloy as a possible alternative to
A356 alloy to produce the knuckle component

4.3.1 Microstructural analysis

Samples for the microstructurahalysis have been prepared by standard metallographic
technique by mounting and polishing procedure, then the samples have been
investigated, through an optical microscope (OM, MeF4 Reicharg) and a scanning
electron microscope (SEM, Leo 1450VP) gped with energy »ays dispersive
spectroscopy unit (EDS, Oxford microprobe) for the compositional analysis.
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The microstructure has been evaluated immediately after the casting and after seven
days, during which the alloy has been subjected to a natural ageing. The comparison, as
microstructural features concerns has been realized, in order to evaluate the
modification and the microstructural evolution during the time. Figure 51 reports the

microstructure of the AIZn10Si8Mg sdifardening aluminum alloy in these two

condi tion. Il n both cases, t h-g@umimimcmatoixs t r u c t
phase, an eutéc mixture of AIS i and some inter-amnan | i c p
matrix precipitates from the | iquid as th

solution [64], due to the high solubility of zinc into aluminum, as can be observed in the
Al-Zn phase diagram reported in Figure 52.

The main difference revealed between the microstructure in the as cast condition and
after seven days of natural ageing regard the secondary dendritic arm space (SDAS)
valug as can bebserved by the data of Table. Bfter seven days of natural ageing the

microstructure appears finer than in the as cast condition.
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c d

Figure 51: Microstructure of the AlZn10Si8Mg selfardening aluminum alloy: a) in
the as cast condition (100X); b) after seven days of natural ageing (100X); c) in the as
cast condition (500X); d) after seven days of natural ageing (500X).
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Temperature °C
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Figure 52: Aluminum-zinc phase diagram [72].

Table 11: Secondary dendritiarm space of the AlZn10Si8Mg aluminum alloy: a) in

the as cast condition; b) after seven days of natural ageing.

SDAS value [um]

As cast condition |After 7 days of natural ageing

c
30

25

The presence of Mg@n, Mg-Si, FeMn intermetallic particles and of some-doh areas

into the Al matrix, have been detected in both coodjtas reported in the SEM images
of Figures 53 and 54.
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Al 61.63 Si 33.41
Fe 17.07 Al 32.34
Si 11.03 Mg 25.95
Zn 3.67

EHT=2000kV Signal A= QBSD Time 1610:38

Al 83.83 Mg 27.31
Zn 14.91 Al 4.90
Si 1.26 i L

Figure 53: SEM micrographs and EDS analysis teswf the AlZn10Si8Mg self
hardening aluminum alloy in the as cast condition.

Si 32.63 " /n 6436
Al 34.69 ; Mg el
Mg 2488 = L
o s i 0.66

|

EHT=2000kV Signal A= QBSD Time 10:31

Al 8421 / Fe 18.30
7 13.69 Si 12.54
si 2.10 MR

/n 3.29

Figure 54: SEM micrographs and EDS analysis results of the AlZn10Si8Mg self
hardening aluminum alloy after seven days of natural ageing.
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The Ferich intermetallics are hard and brittle particles and affect negatively the
mechanical strength of aluminiumalloys, because induces an effect of stress
concentration. The intermetallics detected into the AlZn10Si8Mg alloy are the U-

Al 15-(Fe,Mn)Si, particles whichare morec o mp a c t -AléF@Siones dnahow a

Chinese script, stdike or polyhedal morphology According to[73]for this reason
theypresent dower effect of fragility. THh etfr met al i cs afoms conve
thanks to the presence of Mim. Figure 55 are reported the partial phase diagrams of
Al-Si-Fe system with differearamount of MnlIt can be dserved that increasing the Mn

wt%, from 0% up to 0.3%}t h e a r-ala-(FeoMnkSilin the phase diagram

i ncreases, t hi s gua r-intermetakics also hvigh highwt% ofi pi t at
iron [73]. Furthermore exists a formula which allows to calculate the % of Mn
necessary t o-AlgreSi intermdtailics gartitldiyd]. This formula have

been developed by Mascre anddported in Eq.nr:1

% pond Mn = (2 x % pond Fe).5

XY (e . 2.0 ]
= | Al Fe,Si a (c)
" . A%FOSI (a) N15(MHFG)3$‘2
(: ."~-_‘> ® = -~ N NsFesl
221.0 10| T .,
5 L SN
Si =
Aluminum 'l = Aluminum | si
B ittt el 0} :
v 9 9 1 B A2 7 8 9 10 11 12
2.0 b 2.0
M'z(mﬂasz ®) Alys (MnFe)3Sip @
‘:; ! ~ ‘ -\:“ : AlsFOSi ‘?_’ . N - > AlsFOSi
atl0 o P g [ L o
= Aot - s e B
— l Si Aluminum ‘ISi
0 @ & S S :
7 8 9 10 11 12 7 8 9 10 11 12
Wf’.Sl Wf’oSl

Figure 55: Partial phase diagrams of Ai-Fe system with different amount of Ma) O
wit%; b) 0.1 wt%; c) 0.2 wt% and d) 0.3 wi% [73].
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Mg-Zn intermetallics particles as well as-EZni ¢ h  ar e aM matrir,alow tb he U
obtain high mechanical properties, by the precipitation hardening and the solid solution
strengthening mechanismespectively. The hardening precgigs that have been
individuated, in the AlZn10Si8Mg alloy, atth theMgZn, andthe Mg,Si, as can be
observed in the spectrum obtained byRAy analysisreported in Figure 56This
spectrum also evidenced the diffraction signals related tprésenceof U-Al matrix

and tothe presence @i.

5 I @ AlZnl0Si8Mg I

g 10000000 ® Mgsi

z LIV

2 A si
1000000 X MgZn,

100000
3 - = =
10000 A i
3 . A A
\ ° . A A *
1000 e rappeiens "\

100

3

10

1+

3

01 T T T T T T T
30 40 50 60 70 80 920
2Theta (°)

Figure 56: X-Ray diffractograms for thAlZn10Si8Mg selthardening alloy.

4.3.2 Mechanical properties

The mechanical performance have been investigated by tensile tests and Brinell
hardness tests. The obtained properties have been conpahedeof the A356 heat
treated alloy, currently used by Teksid, and to thresgiiredat the knuckle component
reported in kgure 48. Among the vehicle structural components, the knuckle isobne

the most important parts in the suspension system, to which are required stringent

mechanical requirements.
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4.32.1 Tensile test

The tensile tests have been performed wibyaamometer Zwick Z10@ool, using a

load cell of 100 KN and applying a strain rate equal to 10 mm/min. The obtained results
are reported in Figure 57: one can observe that after sewasnodl natural ageing the
alloy shows a high mechanical strength and a reduced percentage of elongation (A%),
mainly due to the precipitation of hardening precipitates that appear during the natural
ageing. Therefore seven days of natural ageing repsefiemttime necessary for the
AlZn10Si8Mg selthardening aluminium alloy, to reach the highest mechanical
properties.

The mechanical properties, obtained for the AlZn10Si8Mgtsmiflening alloy, are
summarized in Table 12 and have been compared to thaamesb for A356 heat
treated alloy and to those required, by Teksid, for the knuckle component. Comparing
the results obtained it can be concluded that the AlZn10Si8Méhariening alloy
mechanical properties are comparable to those of the A356 (AlSiBMgluminum

alloy, subjected to a T6 heat treatment. Thelsaifiening alloy allows to reach such a
properties which are adequate to satisfy the requirements for the knuckle component.
The elongation to fracture A%, of the AlZn10Si8Mg alloy, shows aevalhich is a

little bit different and it is not acceptable for such component.
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Ultimate tensile strength
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Yield strength
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Figure 57: Tensile test results: a) ultimate tensile strength; b) yield strength; c)
elongation to fracture (A%).
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Table 12:Mechanical properties of: AlZn10Si8Mg , A356 aluminum alloy subjected to
T6 heat treatment and those required by Teksid for the knuckle component.

AlZnl0Si8Mg 323.72 213.69 104.54
A356+T6 289.16 222.38 6.71 95
Properties require by Teksid >250 =200 =6 >84

for the knuckle component

4.3.2.2 Brinnel hardness test

The hardness measurements have been performed on the pshshelés and have

been arried using a Volpert DUO1 tester. A force of 50 N has been applied for 15 s for
each measurement and a minimum of 5 indentations were performed on each samples.
The obtained results areportedin Figure 58. As well as for the n@hanical strength,

also the hardness of the AlZn10Si8Mg aluminum alloy, after seven days of natural

ageing, increases slightly with respect to the valueirddan the as cast condition.

Brinnel Hardness

120 +
110 -
100 -

W Ag cast

HB

After 7days of natural
ageing

Figure 58: Brinnel hardnestest results
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4.3.3 Corrosion resistance evaluation

The corrosion resistance of the AlZn10Si8Mg $elfdening aluminum allokias been
evaluate through a salt spray corrosion test, performed according to the ISO 9227
Standard. In these tests, samples have been positioned inside a spray cabinet, as
illustrated in Figure 59, where a solution, with a sodium chloride concentrdtisd o

g/l, was sprayed through a series of nozzle. The temperature inside the spray cabinet has
been maintained at 35 + 2 °C while the exposure time was 480 hours. During the test
the samples have been monitored at a prefixed time: every 24 hours thessasmgle
extracted from the cabinet and they have been subjected to a visual inspection, in order
to evaluate the evolution of the corrosion phenomenon. Finally, at the end of the

corrosion test, the external surface of the samples have been observed byd¥is

Figure 59: Position of thesamples inside the batch during salt spray corrosion test.

Figure 60 reports the images of the samples, subjected to the salt spray corrosion test,
after 24,168 and 480 hours: it can be observed that, just afteol4, some signs
related to the corrosion appear, on the external surface of the samples. At the end of the
test the samples are completely covered by an oxide layer, as reveals the EDS results
reported in Figure 61. This layer can actaasotal barrierto further oxidation and

corrosion.
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Figure 60: Photograph of theasnples investigated following the salpray corrosion
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Figure 61: Photograph of theamples subjected tthe salt spragorrosiontestand the

composition of the altered layer, obtained by EDS analysis.

These results demonstrate that, even if the studied alloy seems to be a promising
candidate, from mechanical point of view, to substitute A356 alloy, do not has an
adequate corrosion resistance. The investigation has been continued, by modifying the
basic alloy composition in order to improve its corrosion resistance.
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4.4 Modification of AlZn10Si8Mg chemical composition through the
addition of Mg up to 3%wt

Firstly, the composition of the basic alloy has been modified by Mg addition in order to

favor the precipitation of MgfS i precipitates, that -are an
aluminum matrix and that allow to enft@ the corrosion resistangés-76].

The modification of the chemical composition has been realized through the increase of

the Mg content from 0:8.5 wt% up to 3 wt%. In this way two modified alloys have

been casted and investigated: one with 1wt% of Mg and the second one with 3wt% of

Mg. The aloys produced, with an increasing Mg contehave been labkdd as
AlZn10Si8Mg, AlZn10Si8Mgland AlZn10Si8Mg3, as reported Trable 13 Structural

and mechanical properties, as well as corrosion resistance, as a function of Mg content

have been investigad.

Table 13: Chemical composition of the three skdrdening aluminum alloys produced

and studied.
Alloy In Si Mg Fe Cu Mn Ti Al
wt % wt % wt % wt % wt % wt % wt % wt %
AlZn10Si8Mg 9.0-10 §.5-95 0.3-0.5 0.15 0.03 0.10 0.15
AlZn10Si8Mg1 9.0-10 §.5-9.5 1.0 0.15 0.03 0.10 0.15 Bal.
AlZn10Si8Mg3 9.0-10 §.5-95 3.0 0.15 0.03 0.10 0.15 Bal.

The samplesused for the microstructural, mechanical and corrosion tests, have been
obtained from the step geometry sample. A scheme of the dipasted in Fig.62 a,

while in Fig.62 b the obtained samples were represented. This type of sample allow to
evaluate the effect of the cooling rate (GR) themicrostructure Sincein the casting

the solidification isa key elemenfor the evolutionof the microstructureand governs its
development having a strong impact on tfechanical propertie®uring the process a
cooling rate has been measured by thermocouples and the average values obtained have
been reported in the Table (Fig.62 c).
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Fixed die
half

b
Average cooling rate [°C/s]
Sample A Sample B Sample C Sample D
~14 ~8 ~06 ~3
Cc

Figure 62: Step casting geometrg) general view; bused geometry for the analysis

with side viewsc) averageooling rate measured by thermocouples.
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4.4.1 Microstructural analysis

Thethree sekhardening aluminuralloys, with differentcoolingrates and differentMg
contenf have been submitted to morphologiohkervation. The microstructuretbe

consideredalloys consists inU-Al matrix, originated from thdiquid metal as primary
phase, andh Al-Si eutectic mixtureFigures 6364-65 report the microstructure of the
alloys as a function of Mg content and of the cooling ra@ependently from the Mg
wt%, high coolingrate promotetherapidnucleationandthe growth of the particles and
the developmentf a finer particles/microstructuren all cases. Especiallyfor the
samplescoming from zone Awith the highestoolingrate, a finemicrostructure has
been observed compared to zonewith the lowestcooling rate As expected, SDAS

values are inverselyroportional to theoolingrate

AlZn10Si8Mg

SDAS =44.37 +£5.54 SDAS =26.52 +4.63

SDAS =37.46 £6.19 SDAS =32.16 +5.39

Figure 63: OM micrographs and SDAS valudsim] of the AIZn10Si8Mg seH

hardening aluminum alloy, as a function of the cooling rate.
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AlZn10Si8Mgl

SDAS =42.94 + 8.84 SDAS =24.66 +£5.21

SDAS =34.87 +8.16 SDAS =30.93 +4.58

Figure 64: OM micrographs and SDAS valugsim] of the AlZn10Si8Mgl seif

hardening aluminum alloy, as a functiontieé cooling rate.

Figure 65: OM micrographs and SDAS valudgm] of the AlZn10Si8Mg3 seilf

hardening aluminum alloy, as a function of the cooling rate.
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