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Abstract

The research activities were focused on evaluativgg effect of Mo addition to
mechanical properties and microstructure of A3bdnathium casting alloy.

Samples, with increasing amount of Mo, were prodwn®l heat treated.

After heat treatment and exposition to high temjpees samples underwent
microstructural and chemical analyses, hardnesseasile tests.

The collected data led to the optimization of bo#sting parameters, for obtaining a
homogeneous Mo distribution in the alloy, and hesditment parameters, allowing the
formation of Mo based strengthening precipitatablstat high temperature.
Microstructural and chemical analyses highlightemlvhMo addition in percentage
superior to 0.1% wt. can modify the silicon eutecthorphology and hinder the
formation of iron basefl intermetallics.

High temperature exposure curves, instead, shoadfter long exposition hardness is
slightly influenced by heat treatment while th&ef of Mo addition superior to 0,3% is
negligible.

Tensile tests confirmed that the addition of 0.3%etinduces an increase of about 10%
of ultimate tensile strength after high temperatxposition (250°C for 100h) while heat
treatments have slight influence on mechanical \weha

These results could be exploited for developinguative heat treatment sequence able

to reduce residual stresses in castings produdddA854 modified with Mo.



Riassunto

hY

L’attivita di tesi é stata incentrata sullo studlell'effetto della presenza di Mo sulle
prestazioni meccaniche e sulla microstruttura detia di alluminio da fonderia A354.
Per tale ragione sono stati prodotti getti in 1&gHb4 contenenti livelli crescenti di Mo,
che dopo aver subito diversi trattamenti termichcsostati prima esposti ad alte
temperatura e quindi sottoposti ad analisi micustrali, chimiche, a prove di durezza e
trazione.

Lo studio ha permesso di definire sia i paramettiptocesso di colata per ottenere un’
omogenea distribuzione del Mo nella lega solidtA¢aia quelli del trattamento termico
al fine di potere ottenere un rinforzo per preapibne dovuto alla formazione di
dispersoidi a base Mo stabili alle alte temperature

Le analisi microstrutturali e chimiche hanno inelavidenziato come I'aggiunta di Mo in
percentuali superiori allo 0.1% induca sia un éffg@ositivo dovuto al mancato sviluppo
di precipitatip a base Fe sia un effetto negativo legato alla atarsferoidizzazione del
Si eutettico.

Le curve di degrado hanno invece evidenziato coap® dunghi periodi di esposizione
in temperatura le durezze del materiale non sientata dalla percentuale di Mo
aggiunta alla lega quando supera lo 0.3% e solyelegente dal trattamento termico.

Le prove di trazione hanno confermato che l'aggutitMo (pari a 0.3%) determina un
incremento della resistenza della lega dopo esposizrolungata a 250°C per 100h di
circa il 10%. Come per le durezze anche la redstentrazione, dopo esposizione in
temperatura, appare poco influenzata da modifiehgdrametri di trattamento termico.
Questo permetterebbe di valutare la possibilitautilizzare sequenze di trattamento
termico della lega con Mo in grado di ridurre leng®ni residue nei getti senza

penalizzarne la resistenza.



Chapter 1 - Introduction

1.1 An introduction on aluminium

Aluminium is the third most abundant element ontlEarcrust after oxygen and silicon,
but nevertheless its manufacture and use wereelihuip to XIX century.

In fact only in 1807 its existence was postulatgdhe English chemist Davy, while it
was produced (even if in small quantities) for flst time by the Danish Oersted in
1825.

But the interest for this metal aroused only aft845, the year in which the German
Wohler proved some properties of the new matemi@uding lightness.

Subsequently more and more efficient productioncgsees were developed, starting
from the thermo-chemical one by Sainte-Claire Deviwhich was so costly that
aluminium was even more expensive than gold) toetketrolytic by Hall and Heroult
(1886), then improved and patented by the Bay&éBB8[1].

The main properties of aluminium 4ig:
» Low density (2.7 g/m3)
* High intrinsic resistance and Young’s modulus (tigtrelated with material
density)

* Ductile behaviour even at low temperature
» Elevated corrosion resistance (thanks to the faomatf a thin layer of protective

oxide on its surface)

» Good deformability and machinability

* High malleability

» Elevated electrical conductivity (if related withetal density is even bigger than
that of copper)

* Good thermal conductivity

* High riciclability

Thanks to these properties today aluminium allogsnaore and more employed in many

areas, particularly that of transports.



One of the most important sector is that of autaveotin which these materials have
been finding many applications during the years @oample chassis, motor elements
and wheel rims manufacture), allowing to substitutaterials like steel and cast iron,
contributing to reduce vehicles weight greatly aheén also fuel consumptions and

emission$2].

1.2 Aluminium alloys

Primarily aluminium alloys can be distinguishedtwo categories: wrought and cast
alloys.

The first ones are casted as ingot or billet arah tnechanically worked by processes
such as rolling or extrusion to final form.

Cast alloys instead are manufactured directly malfior near final form without any
mechanical working.

The wrought and casting alloys, their propertiesmaenclature and applications are
definitely different[1].

Inside every category it's possible to further idigtish every alloy series on the basis of
the capability of undergoing a heat treatment, Whijtiarantees an improvement of
mechanical properties by precipitation of seconghénrgses.

Relatively to non-heat treatable alloys their perfances can be enhanced by adding the
aluminum with other alloying elements (both for wght and casting alloys) or through

various degrees of cold working or strain harderfjagt for wrought oneg}].

1.2.1  Casting alloys

Aluminium is widely employed in foundry as a congsence of1]:
* Low melting point
* High molten metal fluidity
* Good superficial finish

* Low gas solubility (except hydrogen)

At the same time foundry alloys show a series asbfams, which reduce their

properties.



The most important ones are high solidificationirgtage and thermal expansion
coefficient, as well as hydrogen absorption, whiahise the development of stress, voids

and cracks (for example “hot teargl).

Pure aluminium is not usually used for structurpplecations because of its low
hardness, Young’'s modulus and wear resistanceethssvabsence of fatigue limit.

So, in order to produce a material of adequatengthnefor manufacturing structural
components, it is necessary to add other elemerittswhich allow producing a selection

of different alloys, that can be used in a wideoatssent of structural applicatiof3].

Casting alloys could be distinguished accordinghtgir composition in different series

by using IADS (International Alloy Designation Sgst) nomenclaturgi]:

e 1xx.x - Pure aluminium - It shows elevated corrosioesistance and
machinability, but it's characterised by very lovechanical properties and can’t
undergo heat treatments.

Applications: Food and chemical industries, eleefrcable

« 2xx.X - Al-Cu — The addition of copper increaseschamnical properties
(especially after heat treatment) and makes heatatble the alloy.
Otherwise this series is affected by low fluiditydaductility as well as corrosion
resistance (in fact it's susceptible to stressaian cracking).
Applications: cylinder heads for automotive andcft engines, pistons for

diesel engines, exhausting system parts.

o 3xx.X - Al-Si-Cu/Al-Si-Mg — This series is heat &table and shows high
mechanical performances and good fluidity and wesistance.
At the same time copper-containing alloys show gamathinability but also
decreased corrosion resistance.
Applications: automotive cylinder blocks and heeal; wheels, aircraft fittings,

casings and other parts of compressors and pumps.

* 4xx.x - Al-Si — The presence of silicon induceshhituidity, moderate strength
and ductility, good wear and corrosion resistance.

Otherwise these alloys can’'t undergo heat treatment
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Applications: pump casings, thin wall castings, lceare.

* 5xx.x - Al-Mg — By adding magnesium to pure aluraimi, it's possible to reach
the optimal compromise between mechanical and simmoresistance. It's
characterised by moderate cast properties and guachinability and shows
good appearance when anodized.

Applications: car wheels, pressure vessels, chempiaats

e 7xx.x - Al-Zn — The presence of zinc generates gdimdensional stability and
corrosion resistance and makes the heat treatmesityte.
Otherwise this series shows low fluidity and caspgrties.

Applications: aircraft parts

» 8xx.x - Al-Sn — This non heat treatable series destrates high wear resistance
and good machinability, but very low mechanicalganies.

Applications: anti-friction components

e 9xx.x — Other compositions

(The last “x” after the point shows if the mateiiglused for castings if x=0 or for ingots
if x=1)

1.2.2  Aluminium-silicon alloys

One of the most commonly used alloying elementgasting alloys, thanks to the
properties induced to aluminium and the capabdityounterbalancing the detrimental
effects of cast alloys is silicon.

Al-Si alloys are employed in many different foungmpcesses such as the sand, die and

investment casting].

In fact this element guarantejas
* High castability
* Low thermal expansion coefficient

» High thermal and electric conductivity



* Good mechanical properties and hardness
» High corrosion and wear resistance

» Possibility of being heat treated (in combinatiath adequate alligants)

These features allow the wide use of Al-Si allaysnany sectors such as automotive and

aeronautic ones.

As it was said before one of the greatest probleansast alloys is the presence of
defects (resulting both from solidification and tiag itself).

Therefore the use of silicon is significant sintencreases the molten metal fluidity,
which results in a better mold filling and in a sequent reduction of internal casting
defects, while reduces the thermal expansion aeffi (which induces stresses and

cracks) and enhances corrosion resistétice

According to silicon content inside the matrix igessible to distinguish hypoeutectic (5-
10 % Si), eutectic (11-13%) and hypereutectic (0262
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Figure 1 — Aluminum-silicon phase diagram [4]

As it could be observed in Al-Si phase diagram regubin fig. 1 pure aluminium melts
at 660°C and silicon at 1414°C, while at 577°C &da content of the latter equal to
12.6% wt. eutectic point is recorded.

About solubilities it could be stated that thecgiii’'s one in aluminium is really low due
to the limited extension of the area correspondng-phase (that is pure aluminium),
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while that of the second element in the first osdairly nil and this causes primary

silicon formation already for low weight percentags the latter.

Hypoeutectic alloys are employed due to their goastability and corrosion resistance
and are characterised by a microstructure madef ug-Al dendrites (corresponding to
the white regions of the photograph on the lefign2) and eutectic Al-Si (identified by

darker areas.

The hypereutectic alloys instead show a betteditlyyi an excellent corrosion resistance
and a fairly good thermal conductivity.

Their microstructure is mainly composed by parficté primary silicon (identified by
big and dark areas in the photograph on the rigliigi 2) enclosed by a matrix formed
by eutectic Al-Si.
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Figure 2 — Images by optical microscope of the miostructures of a hypoeutectic (on the left) and

hypereutectic (on the right) Al-Si alloy at 100x mgnification [3]

Anyway the properties of Al-Si alloys depend clgseh dimension, morphology and
distribution of silicon rather than only on his tent.

As seen before the morphology of the eutectic miliparticles is generally needle or
plate-like and the primary silicon particles aregéa and faceted, producing stress
concentrations that degrade the mechanical pregedf the material. Therefore, it's
usually applied a chemical modification to refihe size of these particles and to change

their morphologies, enhancing consequently allogtitity [1].



Figure 3 — Images by optical microscope of the miostructures of hypoeutectic Al-Si unmodified (on

the left) at 50x magnification and modified with stontium (on the right) at 20x magnification

Nevertheless the use of strontium is preferredhtd df sodium, because the latter is
more reactive and less stable at high temperatiggept inside molten metal than the
former, so it's not possible to define exactlyatmtent inside the alloy and the effects of
sodium fade relatively rapidly (overall when theltan metal is held at temperature for a

prolonged period before solidification).

1.2.3 State of the art on alloying elements ofl/&i alloys

To increase the performance (particularly at higmgerature), the addition of further
alligants able to create a series of intermetalldiging solidification phase or due to

precipitation as a consequence of heat treatmengdessarj].

The criteria by which choose the alloying elemdatsAl-Si alloys arg4]:
» Development of a reinforce phase
* Low solubility in solid phase
* Low diffusivity in matrix

* Low influence on alloy castability

Nowadays the most commonly used alloying elemeastsis follows:

» Copper —It provides substantial increases in mechanindl fatigue resistance

and hardness and facilitates precipitation haragnin



The introduction of copper to aluminium can alsduee ductility and corrosion
resistance, while the susceptibility to solidificat cracking (the so-called “hot
tears”) is increased.

It's usually present at percentages between 0.5&% wt.[1].

* Magnesium -The addition of magnesium (0.6-1.3% wt.) to aluomm enhances
corrosion resistance and hinders hydrogen absarpfespecially after heat
treatment), but on the other hand it increasesnthkeexpansion and reduces
ductility [1].

Silicon alone in aluminium produces a non-heattéigle alloy. However in combination
with magnesium and copper it generates a prediuitdtardening heat-treatable alloy
and so it's possible to increase the propertieth®fbase alloy, but at the same time this

reduces ductility, corrosion resistance and mattertal fluidity.

» Tin — Tin is mainly employed because of its capabdityimproving tribological
behaviour, by reducing friction, but also thanksthe higher machinability it

gives to alloyg1].

 lIron — Iron is always available in alloys even if it'suadly considered an
impurity, so in most alloys efforts are made tokéteas low as economically
possible. In fact it causes alloy embrittlementrosdy increase and reduces

castability, corrosion resistance, ductility andgbness.

Figure 4 — Microstructure of an as-cast hypoeuteati alloy containing 3-Als;FeSi phase



Nevertheless it's added to particular alloys (may delded deliberately up to
3% Fe), which need hardness and high temperatgistarce increases and the
disadvantages of iron are not important or are wrbalanced by other elements

(for example manganese and chromigtn)

Manganese— It's usually considered an impurity and so isinteaned at low
percentages in high quality components.

However it can be used as a modifier of needledli&a intermetallics, in fact
these change their morphology frgimio a-phases, increasing alloy ductility and
reducing casting defects.

A high volume fraction ofMnAlgin alloys containing more than 0.5% in
manganese can improve mechanical resistance.

Finally it can be employed to improve anodizingdin1].

Zinc — In combination with copper and/or magnesiumvedlohe enhancement of

mechanical properties by precipitation hardeningrdfeat treatment].

Titanium — Titanium is added at percentages of about 0.1-G@%luminium
primarily as a grain refiner. This effect is enhashaf boron is present in the melt
or if it is added as a master alloy containing it.

In fact fine TiAl; nuclei can be covered by compounds such & @&nd (Ti,
Al)B,, which promotes the deposition of aluminum on eudhemselves,

generating fine graing].

Lithium - The addition of lithium to aluminium can substahyi increase
strength and Young’s modulus, provide precipitatiardening and decreases
density.

In fact every 1% by weight of lithium added to alaom reduces the density of
the resulting alloy by 3% and increases the sti$niey 5%. This effect works up
to the solubility limit of lithium in aluminum, wkh is 4.2%.

Nevertheless the addition of lithium causes theicgdn of ductility and fracture

toughnesg].



* Chromium — It increases the corrosion resistance and nezdtie morphology
of iron intermetallics, increasing the ductility thfe alloy, as well as allows grain
refinement.

Otherwise its addition strongly reduces molten mneflaidity, causing

subsequently internal casting defelsis

» Cobalt — Cobalt is mainly utilised for his beneficial @t on iron intermetallics.
In fact it modifies their morphology frorf to refined and distributed-phases,
increasing ductility and mechanical resistancenefdlloys [6].

In Al-Si-Cu-Mg series the most commonly used hypeetic alloys are A319, A356 and
A354 (the last of which was the focus of the study)

The considered alloys are characterised by diftestempositions, which are described in
the table below:

I

LRl 5.5-6.5 - <0.1 <1.0 <0.5 <0.25 <0.35 -
selsies 86-95 16-2 04-06 <02 <0.1 <0.2 = <0.1
Aelsls 65-75 <02 02-04 <02 <0.1 <0.2 = <01

Table 1 — Compositions of A319, A354 and A356 allsyith percentages of alloying elemen{s, 8]

The different compositions obviously affect theogtl features.

In fact compared to A319 alloy A354 and A356 onasileit higher molten metal
fluidity, shrinkage and hot cracking resistancey(eay all the alloys demonstrate high
values for these parameters), while corrosion tasi® is elevated in A356 alloy and

moderate in the other ones.

Also mechanical properties show substantial diffees.
In the table below some data are reported to rhtsthow alloys composition influences

their behaviour:
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Young’s Yield strength Ultimate tensile | Elongation (%)

modulus (Gpa) (MPa) strength (Mpa)

74 90 - 95 155-195
73 250 - 310 320 - 380 2-5
73 190 - 250 260 - 275 3-10

Table 2 — Mechanical characterisation of A319, A354nd A356 alloys [7, 8]

Observing the table, it's possible to see that Ypsaimodulus values are fairly identical,
while the other parameters show substantially diffeones.

In fact A319 alloy is characterised by the loweatues in resistance, but at the same
time undergoes the lowest deformation. Conversehoray these alloys A354 one
exhibits the highest mechanical resistance, wiABi6 one the biggest deformation [7,
8].

Finally, as each considered alloy is heat-treataiblehould be remembered that the
values reported above can be further modified aoceased by specific treatment.

Anyway as a consequence of their features thesgsadipply to different fields.

A319 alloy is employed in engine parts (for exampyénder heads), gasoline and oil
tanks.

On the contrary some A356 typical applications eyénder heads, wheels, engine
support pylon, truck chassis parts, aircraft (foraraple wing flaps) and missile
components.

Finally research on A354 alloy has been begun duest years and has been focused on
its employment in engine parts [7,8].

1.3 Heat treatments

Heat treatment is a process conducted to develgrate mechanical properties
required for service performance.

According to their composition alloys could be hatted or not.

For example, considering cast alloys, 2xx, 3xx, &wd 8xx alloys are heat-treatable,

while 1xx, 4xx, 5xx and 9xx not.

11
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Figure 5 — General schemes of heat treatment of alinum alloys. In particular the image on the
right shows the effects of the process on the mistructure of copper-containing alloys [10]

Aluminium heat treatments are usually divided irstdges: solution, quenching and
ageing.

The most commonly used heat-treatment for alumimlloys is T6, which induces the
highest hardness, wear resistance, mechanical niegoeand consists of a primary

solution phase, followed by rapid cooling and &g ageing [9,10].

¢ Solution treatment

Solution treatment involves heating the alloy tdeaperature just below the lowest
melting point of the alloy system (usually betwes®0 and 550°C), holding at this

temperature until the base metal dissolves a stgmif amount of the alloying elements
and becomes homogeneous.

The control of temperature and time is fundametatause, if duration is too short not
all alloying elements added will be dissolved anddm available for precipitation

hardening, while if too long more energy than neaeg will be used and grain growth

and overheating will develop [9,10].

* Quench

After that the alloy is rapidly cooled to retain amich of the alloying elements in
solution as possible and so produces a supersadusatid solution, that is an unstable
condition in which the alligants exceed the sobtubility limit at room temperature.

The objectives of quench are to retain the maximammount of the precipitation

hardening elements in solution to form a superagdr solid solution at low

12



temperatures and to suppress precipitation duapgdrcooling of the casting from the
high solution treatment temperature.

Cooling rates should be selected to retain as nsotite as possible in solid solution,
minimize component distortion and reduce the damattime over certain critical

temperature ranges, avoiding diffusion of smalléones, which can lead to the
precipitation.

In fact a slow rate of cooling would reduce resldstiesses and distortion in the
components, however it causes detrimental effagth as: precipitation during quench,
localized over-ageing, increase tendencies forososn and result in a reduced response

to ageing treatment due to the reduction in supaisi@on of solut¢9,10].

* Ageing

Then the last phase is characterised by the ptatgn of intermetallics, which exploits
the previous supersaturation and could be develtpetdrally” at room temperature or
promoted artificially by heating the alloy at a garntemperature between 120-200°C.

The precipitation stage can be divided in: suparagtd solid solutior» formation of

GP zones— coherent precipitates— semi-coherent precipitates> incoherent

precipitates

(the length of each step in the sequence dependtherthermal history, the alloy
composition and the aging temperature) [9]

After solution treatment and quenching the matis la high super-saturation of solute
atoms.

Clusters of atoms form rapidly from the supersdadganatrix and evolve into GP zones.
From GP zones metastable coherent precipitates {ordicated by “ after the letter
identifying the phase), which thanks to the higlgrée of coherency with matrix give
great strengthening to the material.

As ageingproceedsthe coherenprecipitatesstartto dissolveand the semi-cohereanes
(indicatedby ‘) begin to generate by nucleating on dislocations.

Then continued aging causes the equilibrium preatipn to occur.

Due to the incoherency of the new compound withrimaits relatively large size and

coarse distribution, mechanical properties redigrafecantly [10].

13



Nevertheless the optimal condition to reach maximhandness corresponds to about
90% of coherent and 10% of semi-coherent precgstat

Finally, as for solution treatment also during ageihe control of temperature and time
is essential. Otherwise the precipitates wouldrim®herent with matrix, too coarse and

wouldn’t induce great strengthening to the alloyL(.

1.3.1 Heat treatment of Al-Si-Cu-Mg and Al-SiMg alloys

The major phases in as-cast microstructure of AMBIys are primary-Al, eutectic Si
(whose morphology depends on the presence of chémigdifiers such as strontium)

and intermetallic phas§s, 8.

In chronological order during solidification the gsence of phase formation in
hypoeutectic Al-Si-Cu-Mg alloys [9,10]:

1. Al;5(Mn,Fe);Si,

2. a-aluminum phaséil;(Mn, Fe);Si, and/orAl;FeSi

3. Eutectic phase (Al+Sipl;FeSi andMg, Si

4. CuAl,

Copper forms an intermetallic phase with Al thagqppitates during solidification either
as blocky9-CuAl, or as alternating lamellae @fAl + CuAl,.

Otherwise during solidification copper can creai@eo compounds in combination with
magnesium and with different chemical compositidesiary SEuMgAl,, quaternary Q
and\ phases (Q and consist of Al, Cu, Mg, Si and are characterisedhgyuncertainty
in the stoichiometric composition, even more in cpiate form, which changes
according to the chemical composition of the allfiy)]; while in presence of iron
generates other ones@s, FeAl,.

The CWl, phase can be blocky shape or finely dispess@tiand ClAl, particles within
the inter-dendritic regions.

The presence of nucleation sites suclhAR$&eSi platelets or high cooling rates during
solidification can result in fine QU, particles. The blocky QAl, phase particles are
difficult to dissolve during solution treatment,like the fine Cl, phase particles that

can dissolve within 2 hrs.
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Magnesium is usually present Big,Si in Al-Si-Mg alloys if it's not in solution, but it
can also form quaternary compounds with other aleynents.
Moreover in absence of copper Fe and Mg can comtunproducen-AlgFeMg;Sig

(which is difficult to dissolve during solution atgnent) [9,10].

e Solution treatment

In Al-Si-Cu-Mg alloys the aims of solution treatnieare mainly the dissolution of Cu-
and Mg- rich particles formed during solidificatiofthat is CWl, and Mg,Si),
homogenization of the as-cast microstructure atayiay elements and spheroidisation
of eutectic Si particles.

These features impart improved ductility and freettoughness to the component and

reduce micro-segregation of other alloying eleméntke primary Al matrix9,10].

The time at the nominal solution treatment tempeeatmust be long enough to
homogenize the alloy and must then be chosen digretfu allow the maximum
dissolution of intermetallic phases.

In alloys containing high levels of copper complédissolution of CAl, phase is not
usually possible.

The time needed for this stage depends on thesasygarostructure (that is the size,
distribution and type of intermetallic phases amel inorphology of the Si particles) and

on the temperature used.

The temperature that can be used is limited bypiaot melting of phases formed from
the last solidified melt, that is rich in soluteeglents due to segregation. Localised
melting results in distortion and substantiallyueeld mechanical propertis10].

Cast Al-Si-Mg alloys can be solution treated atwh®50 °C, while in Al-Si-Cu-Mg
alloys having a low magnesium content (0.5% wis) iecommended to use a solution

temperature of 495-500°C, because at 505°C fudicopper-rich phases can occur.

Finally not all phases dissolve during a soluti@atment.
In fact the Q phase is reported to be stable dligsolve very slowly for alloys having a
high Cu concentration (3.5-4.4% wt.) and various btincentrations when solution
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treated at 500°C, while theFe phase transforms into tRe=e phase and Mg in solid
solution when the Mg concentration is low (0.3-0.4%9 [9,10].

* Quench

The quench rate is especially critical in the terapge range between 450 °C and 200
°C for most Al-Si casting alloys, where precipigaferm rapidly due to a high level of
supersaturation and a high diffusion rate.

At higher temperatures the supersaturation is @9 While at lower ones the diffusion

rate is too low for precipitation to be critical 19].

For example in Al-Si casting alloys silicon mayfdge from the matrix to eutectic Si
particles andMg,Si phases may form on the eutectic Si particles othm matrix,

reducing the supersaturation of magnesium andaiiic the matrix [10].

Moreover the effectiveness of the quench is depgndpon the quench media (which
controls the process rate) and interval.

The media used for quenching aluminium alloys ideluvater, brine solution and
polymer solution. Water is usually the dominant mglent for aluminum alloys, but it

often causes distortion, cracking and residuasstpeoblems [10].

Considering Al-Si-Mg alloys, if water at 25°C isagsas a quenchant tleAl matrix
consists of a large number of needle-shaped anereoti”-Mg, Si precipitates [10].

The size of the precipitates is approximately 8 tom in diameter and 10 to 20 in length.
Instead with a water quench at 60°C the densith@®fprecipitates decreases, while their
size increases slightly; at the same time a sipmti number of fine Si precipitates
resulting from precipitation of excess silicon abbk observed in the Al matrix.
Otherwise with a slow quench in air, very differgmecipitation features are normally
evidenced. In fact the material remains at highpeeratures for a longer period, which
enhances the diffusion of silicon and magnesium.

So besides a high density of fife&-Mg,Si precipitates the-Al matrix also contained a

large number of areas with coarse rftddig,Si grouped parallel to each other [10].
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* Ageing

The age hardening response depends on the frastim,distribution and coherency of
precipitates formed. Al-Si-Cu-Mg alloys and Al-SigMilloys generally have a high age
hardening response, while Al-Si-Cu alloys haveosavsdnd low oné9].

The main process of precipitation in Al-Si-Cu, AH8g and Al-Si-Cu-Mg alloys can be
summarized as follows: supersaturated solid salufiormation of GP zones; formation

of metastable phases; formation of equilibrium plsd40].

In particular the precipitation sequence for arSMcu alloy is based upon the formation
of CuAl,-based precipitates.
The precipitation sequence of this phase develepsrglly as follows [10]:

X supersaturated ™ GP Zones» 0" —0"— 6

The sequence begins with the clustering of Cu atevh&h then leads to the formation
of coherent, disk-shaped GP zones.

During ageing GP zones arise homogeneously; theseszmanifest as two-dimensional,
copper-rich disks.

As time increases, these GP zones increase in mwwibke remaining approximately
constant in size.

As the ageing temperature is increased above 100®CGP zones dissolve and are
replaced by" precipitates. These precipitates are three diraakidisk-shaped plates
having an ordered tetragonal arrangement of Al @odatoms;0” also appears to
nucleate uniformly in the matrix and is coherenthmthe matrix in binary Al-Si-Cu
alloys.

The high degree of coherency gives great strengitbeto the material. As aging
proceeds, th8” starts to dissolve artd begins to form by nucleating on dislocations.
The latter also has a plate-like shape and is ceagpof Al and Cu atoms in an ordered
tetragonal structure, but, as it grows, loses @it®yr with the matrix and so a decrease in
strength properties may be observed, while continaging causes the equilibriuéa

CuAl, precipitate to occur.
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Tetragonal in shape, the phase is completely incoherent with the matrixeDa its
morphology, its relatively large size and coarsstritiution, mechanical properties

reduce significantly [10].

Instead the sequence of precipitation in Al-Si-Mpys can be described as follows
[10]:

i. Precipitation of GP zones

ii. Intermediate phas@’-Mg, Si

iii. Intermetallic phas@’-Mg, Si

iv. Equilibrium phas¢-Mg, Si, FCC structure, rod or plate-shaped.

The maximum alloy strength (peak-aging) is achigustibefore the precipitation of the
incohereng-platelets.

Thus during ageing the dissolution of unstabletehgsincrease the solute concentration,
while larger clusters that are stable remove sdiytgrowing into GP zones that become

nucleation sites fgb” [9].

The precipitation sequence for Al-Si-Cu-Mg allogssimilar but more complex, as Q”,
S”, A" and6” phase may also form.

The precipitation sequence in copper-containingyallis influenced by the high density
of dislocations formed during quenching due to thigerence in thermal expansion
between the Si particles and tré\| matrix.

For example fine and evenly dispers€dphases form in the centre of the dendrites,
while coarsé’ phases form on the dislocations, close to theaficles.

The semi-coherent phases have a negligible strezagttribution and can be seen as a
loss of Cu and Mg atoms, that could have increéisedraction of coherent precipitates
[9,10].

1.4 Thermal stability of precipitates

Alloying elements such as copper and magnesiumotiem added to improve alloy
strength at room temperature as well as at higimepératures.
Nevertheless these elements generate compoundsgsdaAl,, Mg,Si andCuMgAl,),

which can only be effective for strength and cresgpstance at temperatures below 200-
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250°C, in fact above 250°C they tend to become alhest coarsen rapidly (due to

Ostwald ripening) and then dissolve, leading to aioy with an undesirable

microstructure for high temperature applications.

Therefore the behaviour of magnesium and coppepoomds at high temperature forces

the addition of other alloying elements, that aoéedo generate intermetallics and/or

precipitates with elevated thermal stability, byiethincrease the alloys’ one [12].

1.4.1 Change of composition for high temperaturapplications

To improve the alloy performances under these ¢mmdi, the presence of thermally

stable and coarsening-resistant compounds is esj@nd so other alloying elements

have been considered.

The most commonly employed ones are as follows:

Nickel — Nickel demonstrates low diffusivity and solidwgmlity and is able to

change the morphology of iron intermetallics andréase high temperature

performances by creating thermally stable compounds

Otherwise the presence of this element alone isatheg reduces ductility,

toughness and mechanical resistance of a[tys
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Figure 6 — Aluminum-nickel phase diagram [14]

19



For example the addition of 0.4% wt. in nickel @sisa decrease in tensile
properties of about 10% compared with the baseyatlmat is attributed to the
formation of brittle compounds and to a Ni—Cu reacivhich interferes with the
formation of CW\l, precipitates, thereby affecting the age hardepmogesg15].
But in combination with zirconium not only nickeltetrimental effects can be
counterbalanced but also high temperature progeatie able to further improve.
It may be deduced that the elements must interaiotden themselves or with
other elements contained in the base alloy in otddorm new phases, which
partially reduce the quantity of element free toayate brittle intermetallics and
enhance mechanical performances of alloys (bothroaim and at high
temperatureq)s).

In particular an alloy containing 0.2% wt. in Zr0t2% wt. in Ni exhibits the
highest increase of mechanical properties at rootnhégh temperatures: ultimate
tensile and yield strength at room temperatureespectively 7% and 9% higher
than that of base alloy, while at 300°C they arg@hd 39% biggele).

Figure 7 - Microstructure of the as-cast alloy cordining nickel. T, Q,y and 6 phases can be
distinguished [13]

Otherwise the negative effects of nickel compoucals be partially reduced by
adding traces of manganese. In fact the latteroblies in some intermetallics
(especially TAlyFeNi), increasing their ductility and then also that adlfoy;

otherwise manganese doesn’t enhance significamelyrtechanical performances,

because in presence of iron created, ; (Fe, Mn);Si,, that is brittle too.
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The beneficial effects of nickel can be improved dpplying heat treatment,
guaranteeing an enhancement in mechanical perf@esarin fact some brittle
compounds asb-Al;CuNi and y-Al,Cu,Ni tend to dissolve during solution
treatment and during ageing are “replaced”®¢uAl, and QAl;MggCu,Sig,
which reduce embrittlement and increase resistange

Finally at elevated percentages (1% wt.) nickelnexeduces creep resistance,
quickening the phenomenon and in addition to diaathges reported before its
elevated cost and density (8.9 gtm?3) limit further the utilization of this

alloying elementis].

Zirconium — Zirconium is suitable as alloying element thartks its low

diffusivity, solid solubility and the capability areating reinforce phases.

It's capable of increasing mechanical resistaneedress, wear resistance (both

at room and high temperature) and overall theradulility.
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Figure 8 — Aluminum-zirconium phase diagram [17]

Inside Al-Si-Cu-Mg alloys it’'s usually employed batl ~0.15% wt., in order to
avoid the primary precipitation of the properitectrialuminide Al;Zr, which

exhibits a peritectic phase equilibrium with therianal a-Al solid solution[18].
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This solute-rich primary compounds is the firstiddb form under equilibrium
conditions and grows into coarse phase during adroeal casting, leaving the
remaining melt, and ultimately the solidifiedAl solid solution, substantially
depleted in solute.

This would decrease the amount of solute retainesblid solution and therefore
would limit the potential for precipitation strehghing during ageing.

Moreover the formation of this phase during soiadifion results in a progressive
refinement of the as-cast grain structure andwioisld affect the creep resistance

of the alloy.

Zirconium is often employed in combination with ethalloying elements to
improve the performances: for example in additionnickel (read “Nickel”
subchapter above) or with titanium and vanadium.

There are discordant theories about the optimatemeages of zirconium,
titanium and vanadium to utilize, in fact in litewee 0.06-0.2%, 0.02-0.2% and
0.1-0.2% (wt.) are reportdas,19,20].

Additions of zirconium, vanadium and titanium reedlin the formation of many
Zr-V-Ti-rich phases, which are often observed i ttorm of agglomerates
adjacent to each other, indicating that they couwldleate simultaneously during
solidification process.

After solution treatment they remain in the microsture, because just partial
dissolution of them occurs and so this indicate$ #ome concentrations of Zr, V
and Ti were available for the subsequent precipitigbrocess (Ti and V additions
increase the effective supersaturation of Zr), munvhich Al;(Zr, V, Ti) (as
mixed or single-element aluminide) precipitate.

These compounds exhibit reduced coarsening compardtie binaryAl;Zr
phase. This in return results in improved precipgastability and consequently
better ability to retain their coherency with theetal matrix at elevated

temperatureg1].
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Figure 9 — Optical microscope image representing icrostructure of as-cast Al-Si—-Cu—Mg alloy
modified with Ti, V and Zr. Several phases can beidtinguished: a-Al dendrites (#1), Al-Si eutectic
(#2),9 - CuAl; (#3),Al,CusSi ternary eutectic (#4), Q phase (#5y-AlgFeMg,Siq (#6), (AlSi),(VZr)
#7), (AlSi)Z(Tin)Fe (#8), (AlSi)3(TiVZr) (#9) and (AlSi)3(Tin) (#10) [21]

An exception was reported by S.K. Shaha et al., adaed 0.21% Ti-0.30% V-
0.47% Zr (wt.) to Al-7Si-1Cu— 0.5Mg—0.1Ti cast #llo

This formulation led to the formation @AlSi),(TiVZr) phases with increased
thermal stability during solidification, which aséable up to 700°C. Although the
zirconium content in the investigated alloy was\abthe peritectic concentration
of 0.15%, the properitectic prima#yi;Zr phase did not form as a stand-alone

structure due to dissolution af; Ti andAl;V in Al;Zr [21].

As reported before there are discordant ideas abeubptimal amount for every
alloying element and this substantial variabiligported in literature makes

necessary to go on searching for the ideal pergesta

* Vanadium - Its presence inside the alloy improves mechampiczperties and its
beneficial effect can be further enhanced by hesitihent (the improvement is
greater than that obtained for nickel-containirigya).

Nevertheless the reinforce mechanism hasn’'t beéncempletely understood
(maybe like other alligants it dissolves inside santermetallics, increasing their
ductility).
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It's reported its use in percentages between 002 % wt., often in combination
with zirconium and titanium, resulting in the fortiwm of thermally stable

compounds (read subchapter about zirconium)e].

* Molybdenum — It's characterised by low diffusivity and sokwlubility (which
are some of the features requested to alloying esiésh, modifies iron
intermetallics morphology from a plate-like to adity phase and createsAl-
(Fe, M0)-Si, a compound coherent with matrix whabdévelop during solution

treatment, thermally stable (they retain their rgjthening effect at 300°C) and

concentrate in inter-dendritic areas [22, 23].

Figure 10 — Images ofi-Al-(Fe, Mo)-Si phase distribution in inter-dendritic regions of the alloy after
solution treatment [22]
Thanks to the fine phase created the dislocatioom® are effectively hindered
and consequently the modified alloy exhibits sigaifit improvement in the
creep properties and mechanical resistance attaigperature, reaching the best
results at 0.3% wt.: at 300°C and 30 MPa the minmmereep rate decreases
~95% and the creep time-to-fracture increases fradinniin to 1500 min
compared to the base alloy.
Instead yield strength, ultimate tensile strengtld alongation at 300°C of the
Mo-containing alloy were increased by25, 15 and 35% respectively compared
to the base alloje2].
Moreover in combination with Mn the results may rvenprove. In fact
increasing Mn content up to 0.5% increases the earob dispersoids per unit

area, while their average size decreases, resuliiran enhancement of creep
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resistance (at 300°C and 30 MPa minimum creepdateeases and creep time-

to-fracture increases to 180h) [23].

1.5 Aim of the research

The aim of the research has consisted of the useatybdenum (so far not much
considered) as alloying element for A354 alloy, dieéinition of the optimal quantity, the
study of its potentiality as such and the possfiyleergetic action in addition to other
elements.

Moreover great attention was set on the possibiftapplying a heat treatment (trying

also to improve process parameters) to enhance faidormance.
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Chapter 2 — Material and methods

2.1 Material

As previously reported the aluminium alloy analysieding this study was the A354, an
Al-Si-Cu-Mg alloy whose specific composition is debed in table 2.1:

bal. 8.44-8.70 1.69-1.79 0.45-0.48 0.11-0.12 0.003- 0.120-0.123
0.004

Table 2.1 — Nominal chemical composition of A354 laly (wt%.)
Subsequently, in order to modify base alloy andchiethe desired composition and

microstructure, the addition of a modifier (stramt) and an alloying element
(molybdenum) was provided through the use of madlteys (Tables 2.2 and 2.3).

bal. 9.5 0.03 0.07 0.25 0.01

Table 2.2 — Nominal chemical composition of stroniim master alloy (wt%.)

bal. 9.7 0.16 0.01 0.08 0.01

Table 2.3 — Nominal chemical composition of molybarim master alloy (wt%)

In particular 300ppm of strontium and different ambof Mo (0.1, 0.3, 0.5 and 0.8
wt%) were added in the alloy, in order to analyse eompare their effect on mechanical

properties.

2.2 Mould preparation

The mould used for casting permitted to obtain bndyical rods at the same time
(Fig.2.1): the external and central rods were axiprately 12 cm in length and 1.5 cm in

diameter, while the bigger ones (which were theiepy respectively 12 and 5 cm.
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Figure 2.1 — Mould employed for casting (a) and cast obtained (b)

To limit its wear and avoid the migration of iron the alloy (which is undesirable,
because it would create brittle and needle-likermetallics) a solution with graphite
was sprayed on the internal surface of every seauld also facilitating detach of
material after casting.

The mould was pre-heated at 200°,before everyngasti order to avoid the premature
solidification of molten metal during casting, whiwould hinder mould filling.

2.3 Casting

The alloys were produced by gravity die castinghgisiTopcast Engineering TVCs”
vacuum casting machine.

Melting is achieved in protective atmosphere (Angevhile a vacuum pump is provided
in order to boost the suction effect into the mould

Graphite melting pot consumption is greatly reduttehks to the “gaswash” procedure,
which removes the oxygen in few seconds from thargd loading operation.
The machine is fully automatic making the operatgub very easy and less dangerous.
Moreover the presence of magnetic stirring per@ibetter mixing and the reduction of
inhomogeneities (otherwise this would occur duelitterent density of aluminium and
its alloying elements).

The commercial A354 alloy has been provided in fofrmgots, which were cut in small
pieces and then melted in a resistance furnacet $£0 °C, in a standard clay-graphite
crucible and every cast was about 1 kg in weight.
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In each cast the addition of strontium was provijdedrder to get the modification of
eutectic Si, which turns its acicular morphologyoira spherical one, eliminating its
embrittling effect.

With respect to A354 alloy the optimal amount of t8rget a completely modified
microstructure has already been discussed in agquestudy and was equal to 300 ppm
(that is 3 g for 1 kg cast) [24, 25].

Moreover, before their addition, modifiers and wilhg elements (in form of master
alloy) were pre-heated for about ten seconds toietite the moisture.

In fact, due to the high temperature, water wowddainpose in hydrogen and oxygen,
creating a flammable mixture (that would be actddby high temperature itself).

Subsequently, after its complete melting, aluminimais maintained at 800°C for 10
minutes under magnetic stirring in Argon atmosphéareorder to get the whole cast
homogeneity (casting sequence A).

This particular aspect was considered after thatifileation of inhomogeneities and
clusters of intermetallics in some preliminary oags containing 0.3%wt of

molybdenum.

(@)

50 pm
—

Figure 2.2 - Optical micrographs of A354 containingnolybdenum castedafter keeping molten metal
at 800°C for 10 min (casting sequence A)

Despite this, inhomogeneities and molybdenum phafsegreat dimension (which
appeared fairly identical to that present into tleerespondent master alloy) were still
observed inside casts. For this reason the medeggence was modified: after complete
melting at 800°C temperature was raised up to 90@fCwhich molten metal was
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maintained for 20 minutes), then was lowered to°800@naintained for 10 minutes) and

finally casting was carried out (casting sequenge B

Figure 2.3 - Optical micrographs of A354 containingmolybdenum casted after keeping molten metal
at 800°C for 10 min + 900°C for 20 min (casting sence B)

Higher temperature and longer time of process asméd dissolution of molybdenum
compounds and its diffusion, improving the homoggmef cast.

Then, after casting, the hot material was extradiein mould, to facilitate the
procedure, and immediately quenched in water.

Finally, after cast cooling, a band saw was useseparate each rod from the others, then
the sidebars were machined to obtain specimens.

2.4 Chemical analysis

Chemical analysis of a cast sample was performetth @low Discharge-Optical

Emission Spectroscopy (GD-OES) technique to defsneeal composition.

GD-OES is a fast, low-cost and easy-to-use analytischnique, which can provide rapid
and simultaneous analysis of all elements of isteneside solids (metals, powders,

polymers, glasses and ceramics).

Two types of analyses can be performed:
1. bulk analysis: global chemical analysis
2. depth profiling analysis: signal from each chemiel@ment as a function of

erosion time
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Bulk analysis can be performed in less than onauteirMoreover the technique has the
added capability of direct depth profiling of thelid sample without the need for any
prior preparation.

An uninterrupted quantitative depth profile anadysy GD-OES takes only minutes and
provides a complete detailed sample-composition atagepths ranging from less than
10 nanometres to more than 100 micrometres.

However the samples underwent only bulk analysis.

On each sample (previously smoothed and polished@et valid measures were
performed and the average values were calculatedl:chemical compositions were
coherent with the hypothesized ones for a Mo anlditietween 0.1 and 0.3%, while, for
higher Mo addition, the percentage revealed by atedranalysis was different from the
theoretical one.

This may be due to cast inhomogeneity and presehctusters of molybdenum-based

intermetallics, which interfered with measurements.

2.5 Heat treatment

After casting the specimens were subjected to T& treatment, in order to increase

their mechanical properties.

Three different heat treatments were considered:

1. Solution treatment (495°C for 6h + 515°C for 2hjjuenching (water at 60°C) +
ageing (180°C for 4h)

2. Solution treatment (495°C for 6h + 540°C for 1hyjuenching (water at 60°C) +
ageing (180°C for 4h)

3. Solution treatment (495°C for 6h + 540°C for 10lguenching (water at 60°C) +
ageing (180°C for 4h)

The first one was optimized in a previous work deped at the School of Engineering
of Bologna University, according also to results[24, 25]; while the second and the
third ones were reported in an article written layikeosh et al. [22].

Specifically the higher temperature of solubilieati(that is 540°C) is justified by the
development of molybdenum dispersoids, thermostabl@®metric compounds able to

increase high temperature and creep resistance [22]
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After every phase of heat treatment a sample coifnorg every alloy was taken out of
the oven and employed for hardness measures, ar twdevaluate the effects of heat

treatment steps on hardness.

After first analysis it was clear that alloys cantag molybdenum subjected to 540°C
solution treatment could reach higher performaramapared to that undergone to the
515°C one.

Moreover, due to interesting results already olediafter solution treatment at 540°C
and, in order to verify if it would be possible &wvoid quench and ageing phases,
obtaining technologic advantages and cost savilhgsas established to analyse and

compare the performances of alloys subjected to:

1. Solution treatment (495°C for 6h + 540°C for 1hgir-cooling

2. Solution treatment (495°C for 6h + 540°C for 1hquench (water at 60°C)

3. Solution treatment (495°C for 6h + 540°C for 1hjjuench (water at 60°C) +
ageing (180°C for 4h)

4. Solution treatment (495°C for 6h + 540°C for 10hgircooling

5. Solution treatment (495°C for 6h + 540°C for 10ljuench (water at 60°C)

6. Solution treatment (495°C for 6h + 540°C for 10hjjudench (water at 60°C) +
ageing (180°C for 4h)

After heat treatment a samples were subjecteddio temperature exposure, in order to
assess their mechanical behaviour after high temyer soaking (Table A.1 in

Appendix) drawing hardness vs high exposure duratioves (degradation curves).

Due to results of hardness obtained by alloys slideld at 515°C, the study concentrated
only on the ones treated at 540°C (see chapterl'3.5

In the specific, to define the optimal solubiligatitime at 540°C and have a comparison
term with a similar diagram reported by Farkooshalkt[22], it was determined the
hardness trend over solubilisation time.

A set of samples containing 0.3% in Mo was submiitte the first phase of heat
treatment (at 495°C for 6h), after that each one s@ubilized at 540°C for a specific
time, then a half was air cooled, while the othalf vas quenched in water at 60°C.

Finally a series of hardness measures was carnieat gpecific intervals.
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2.6 High temperature exposure

Before machining samples of A354 alloy and all Movaining alloys were soaked at
high temperatures, in order to simulate the ovemgagf the material during high

temperature exposure, obtaining hardness vs higbsexe duration curves.

As a consequence of the previous hardness resulisas established to evaluate
performances of samples after air cooling, quemchcauench + ageing.
Specifically two different temperatures were chgsenorder to test the response of
analysed materials:

1. 245°C (average temperature in cars engines)

2. 300°C (maximum reachable temperature in engines)

In particular during tests the first one was prgled up to 301h (for samples solubilised
at 540°C for 1h) and 144h (for the ones soluti@ated at 540°C for 10h), in order to
confirm the gap in hardness measurement observéaiiposh between base alloy and
modified one after some weeks of degradation [22]je the temperature of the second
series of measures was increased to 300°C, soaamlygse exclusively the reinforcement
inducted by molybdenum-containing phases, whicht dsmodified at this temperature

unlike copper precipitates, that above 250°C urmlégtwald ripening and dissolution

[22].

On each sample three valid hardness measures wdmmped and the average values
were calculated, then they were utilised to draereageing curves.

2.7 Hardness measurement

According to the technological concept the hardnesefined as the resistance opposed
to penetration by a material surface.

Even if the hardness value itself isn't sufficidatjudge a material, this technique is
cheap, rapid, not destructive and gives interestifagmation.

The tests work on the basic premise of measurirgy dfitical dimensions of an
indentation left by a specifically dimensioned do@aded indenter.
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Hardness measuments have been carried accordatgndards H,, andHV,,; and the

values respectively obtained using the followinigtienships:

2F

HByo = 7D (D— VD2—d?)

F
Ho.l = 1854* ;
On solubilized specimens 3 macro-hardness Brimall & micro-hardness Vickers (just
on a-phase) measures were performed, while on ageddagchded ones only Brinell

measures were made.

Before Brinell hardness tests samples surfaces syaoothed with SiC grinding papers,
used in decreasing grain size order (180-320-4@R8AD grit).

Measurements were carried out using a GALILEO Azfidometer with 2.5 mm
diameter indenter and applying 62.5 kg of loadehtdtion were then photographed with
a ®ZEISS AX10 optical microscope and after thatithage analyser software ® MAGE
PRO-PLUS was used to measure their diameter (tlzsune was repeated twice for any
diameter, in order to minimize the possible ermaiuced by the not perfect circularity of

the mark); the average values for each sample gacalated.

Micro-hardness Vickers measures the samples weoetbed with grinding papers and
subsequently polished with an automatical lappiracimme, using 2 diamond powder
suspensions 03 and 3um.

The measurements were performed with a GALILEO oadurometer, with 0.098 kg
load.

The hardness was measured directly with the sasteument: the average value over
five measurements for each sample was calculated

Vickers measurements were performed for evaluatinmary a-Al phase hardness:
however the samples analysed were characterisedfing microstructure and therefore
it isn’t possible to guarantee that the values wewrdfected by the contribution of harder

eutectic silicon and intermetallics.

2.8 Metallographic analysis

The metallographic analysis allows the observatiand the study of alloys

microstructure.
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In order to perform microstructural characterisatisamples surfaces were smoothed
with SiC grinding papers, used in decreasing gsane order (200-320-400-600-800-
1200-2000 grit) and then polished on 4 cotton @stlset on an automatic lapping
machine, on which respectively 3 diamond powdepsnsions of 9, 3 and dm and a
silica one of about 0.pm were spread.

Every sample had to be washed with water afteryesterp on sandpapers and clothes, so
that it was possible to remove every residue (Sunfgrinding papers, fibers from
clothes, aluminum from samples themselves), whiclouldv contaminate the
metallographic specimens.

At the end of polishing phase instead the specimesi®e washed with water, then
acetone and after that dried with cold air, so thags (which would disturb the
subsequent micrographic analysis) couldn’t appear.

Then the samples were analysed through optical (82EAX10) and scanning electron
microscopy (®ZEISS Evo 50), provided of Energy Risgve Spectrometer (EDS).

Thanks to the different magnifications it was pbksito study the microstructure of the
alloys and in particular the different compoundsedeped during solidification.

The presence of intermetallics, in fact, is impottebecause they influence material
properties such as mechanical and corrosion resista

Their identification is possible thanks to theirffelient morphology and colour (or
brightness) and through Energy Dispersive Spectien(EDS).

Unluckily, due to nanometric dimension of molybdendispersoids (generated during
solution treatment at 540°C), it wasn't possibleotiserve and analyse them by using
SEM (and obviously neither by optical microscope).

2.9 Secondary Dendrite Arm Spacing (SDAS) measuremie

The Secondary Dendrite Arm Spacing is the distdreteveen the secondary arms of
dendrites forming the alloy.

Measures were carried out on low magnification ngeaphs (magnification 2.5X) and
at least 7-8 SDAS values were measured, by usiMA®&IE PRO-PLUS software.
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2.10 Thermal analysis

The term “thermal analysis” stands for a group @thniques, in which a physical

property of a material is measured as a functiotewiperature, while it's subjected to a
controlled temperature programme.

DSC allows the study of transitions and transforomst, which occur in materials, by

measuring the difference in heat absorbed or retedsy sample (associated with
material transitions) compared to inert referersca &unction of temperature.

The analysis was conducted on a sample of A358% Mo alloy with the purpose of

determining the development of molybdenum dispess¢as reported by Farkoosh) and
other phases present in the alloys.

Specifically the analysis was conducted in inemagphere (argon flux = 30 mL/min)

with a set heating ramp from room temperature upo@’C (over the reach of complete

melt)with a rate of 20°C/min.

2.11 Tension tests

Mechanical testing plays an important role in estihg fundamental properties of

materials as well as in developing new materiatsiarcontrolling their quality.

The most common test used to measure the mechanmmaérties of a material is the

tension test.

Both room and elevated temperature (250 °C) terts#¢s were performed, using a
servo-hydraulic testing machine according to IS&hdards: the first ones were carried
out in agreement with the standard 1ISO 6892-1:2@08le the second ones followed the
standard ISO 6892-2:2011.

Samples were obtained by side and central barasi$ ¢see fig.2.1) and were machined
to obtain round dog-bone tensile specimens, cheniaet by gauge length=25 mm and

gauge diameter=5 mm.
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Figure 2.4 - Tensile test sample geometry

Just a preliminary study was conducted and they tbmée samples were tested in each

working condition to obtain an average value. Femthests will be carried out

subsequently.

The specimens employed for tension tests and qunesng heat treatment which

underwent are reported in table 2.4.

Samples

designation

Treatment undergone

Test conditions

'

|
MoA T6 0.3

MoA OA 0.3
MoT T6 0.3

0.3

Solution treatment (495°C 6h + 540°C
1h) + quench + ageing (180°C 6h)

Solution treatment (495°C 6h + 540°C
1h) + quench + ageing (180°C 6h) +
over-ageing at 250°C for 100h
Solutiontreatment (495°C 6h540°CL1h)
+ air cooling + ageing (180°C 6h)

Solutiontreatmen{495°C 6ht+ 540°C 1h)

+ air cooling + ageing (180°C 6h) +
over-ageing at 250°C for 100h

Solutiontreatment (495°C 6h540°C1h)
+ quench + ageing (180°C 6h)

Solution treatmen(®#95°C 6h+540°C1h)
+ quench + ageing (180°C 6h) + over
ageing at 250°C for 100h

Room
temperature

250°C

Room
temperature

250°C

Room
temperature

250°C

Table 2.4 — Schematisation of tension samples, mbfenum content, corresponding treatment
undergone before tests and test conditions

No tests were carried out on A354 samples at rcempeérature, because the specific

data were already available.
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2.12 Fractography

Fractography is the study of fracture surfaces atfemals.

The aim of the analysis is the evaluation of thitufa mechanisms, by studying the
morphology of a fractured surface.

The fracture surface analysis was performed witBcanning Electron Microscopy
®ZEISS Evo 50, provided of Energy Dispersive Speagter (EDS).

A fracture surface was observed to analyse breakmeghanism and identify the

composition of different phases (recognised withSiED
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Chapter 3 - Results

3.1 Thermal analysis
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Figure 3.1 — DSC analysis diagram of an A354+0.3%Msample. (a) reports the complete analysis
and (b) a detail in which transitions (highlightedby the arrows) take place

In graphs resulting from analysis it's possibledistinguish 3 different transitions: the
first one related to melting of Cu-based internmeslat about 512°C, the second one
associated to that of Si-containing phases (at tal5@©°C), while the last one
corresponding to complete melting of tested madtefteb89°C) and to which is
associated the greatest enthalpy.

During the analysis it wasn’t possible to determang transition related to molybdenum
dispersoids formation, which would have been degyadioat about 540°C.

It can be supposed that corresponding peak wabaitacterised by high transformation
enthalpy and then was partially hidden by secoaisition.

3.2 Heat treatment

Thedata are reportedonsidering‘as cast’at time= 0, solutiontreatment at 495°C the
range t0-6h

Therefore, for example, samples solubilized foralb40°C correspond to data reported
at 7h into the curves.

As a result of hardness measures carried out orpaled and quenched samples, it was

possible to build ageing curves (the correspondisiign are reported in “Tables A.2 and
A.3” in section “Appendix”):
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Figure 3.2 — Ageing curves at 540°C of quenched (tdine) and air cooled (blue line) A354+0.3%Mo.
Blue region corresponds to solution treatment at 42°C, while yellow one to ageing treatment at
540°C

The trend shows an increase resulting from theldpaeent of molybdenum dispersoids
(which generated maintaining the alloy at high temapure) and reaches a maximum
after about 1 hour of treatment both for air coded quenched samples.

Instead the subsequent decline in macrohardness @fblonged solution treatment is
attributed to the coarsening of the dispersoids.

Moreover a further and substantial increase ininess values was generated by quench
itself. In fact a gap of fairly 10 HB between theotcurves was recorded. This aspect
was not considered in the study and could be kkblabethe different strengthening
precipitates (both Cu, Mg or Mo-based) that forragrdy quenching and air cooling.

3.3 Metallographic analysis

3.3.1 Optical microscopy

3.3.1.1 A354 alloy

Figure 3.3 - Optical micrographs of A354 alloy without strontium (a) and the same alloy with Sr (b)
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The microstructure is characterized by whitephase dendrites (that is primary
aluminum), which are surrounded by Al-Si eutecttacure (fig. 3.3).

In Fig. 3.3a the eutectic silicon showed an acic(a needle-like) morphology, which
can induce stress intensification in its own apiceducing the ductility of alloy.

In Fig.3.3b instead the addition of 300 ppm ofttte alloy lead to a well modified Si.
The Sr was introduced in melted metal by means &leSr (10%) master alloy.
Moreover it was possible to distinguish in the rdendritic regions other phases: block-
like 6-Al,Cu phasesy (a light grey compound with an irregular and netadtke shape,
known as “chinese-script morphology”) andt@e compact and grey one) particles.
Finally the dark spots observable inside the deéesirare only attributable to the final

stage of polish, not to the presence of othergastinside them.

3.3.1.2 A354 + 0.1%Mdcasting sequence A)

/

Al-(Fe,Mo)-Si

\

Al-(Fe,Mo)-Si

\
==

Figure 3.4 - Optical micrographs of A354 + 0.1% Mo:(a,b) as-cast alloy and (c,d) material
microstructure after solution treatment

No substantial microstructural differences wereenbsd respect to the alloy without Mo
except for the presence of molybdenum intermetalticaracterised by big dimension

and orange colour (fig.3.4c). The analysis confuintliee presence of a well modified
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eutectic silicon and d¥ (the round and orange compound), Q (the compatgesy one)
andr (the light grey compound with “chinese-script mwofogy” reported in fig.3.4b).

In the specific the image on the top right showbkd presence ofi-phase, whose
formation instead should be suppressed by molybdef], as well as partially
unmodified eutectic silicon, which should have bewandified by strontium during
casting.

No acicularB-phase was instead observed and probably, as saddes Farkoosh [22],
the presence of Mo induces the formation of Al4f®)-Si phase, therefore preventing
the nucleation of AFeSi particles.

As shown in fig.3.4c and d, after complete soluti@atmen® and Q phases were fairly
completely dissolved, unmodified eutectic silicomsn’'t observed and molybdenum
intermetallics didn’t show differences and seenwthé unmodified and not solubilized

by the treatment (see orange phase in fig.3.4d).

3.3.1.3 A354 + 0.3%Mdcasting sequence A)

Al-(Fe,Mo)-Si

Figure 3.5- Optical micrographs of A354+0.3% Mo: (a,b) as-cast alloy and (c,d) solution treatealloy
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In fig.3.5a and 3.5 and Q phase could be distinguished, while aftkrtiom treatment
(as shown in fig.3.5c and 3.5d) they were fairlynpdetely dissolved and appeared really
reduced in size.

Conversely fig.3.5d showed the presence of clusbade of molybdenum intermetallics,
which weren’t affected by heat treatment.

Finally = phase wasn't found, probably as a consequence igifeh content in
molybdenum, which should hinder its formation [22].

3.3.1.4 A354 + 0.3%Mdcasting sequence B)

Al-Mo-Si

e

Figure 3.6 - Optical micrographs of A354 + 0.3% Ma(a, b, c) as-cast and (d) solution treated alloy
(small shrinkage cavities highlighted by arrows)

Firstly, compared to samples casted accordingr@asigquence A, alloy microstructure
exhibited differences.

The images 3.6a, b and c presented a not modifieectc structure regardless the
addition of Sr. Only after heat treatment a parsiiton spheroidisation is appreciated
(fig.3.6d). Moreover in figure 3.6d showed the rese of small shrinkage cavities.
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Fig.3.6¢ shows how the casting parameters modificdias generated differences in Al-
Si-Mo phase: instead of being polygonal and orarigappears light grey-coloured and
exhibits a shape similar to a cross.

Probably, due to higher molybdenum diffusion duricagsting (as a result of 900°C
stage), the formation of a different phase wasdedu

Furthermore, as for previous samples, figures 8rghb recorded the presenceéddivith

a spherical shape) and Q phases.

Solubilized samples showed the substantial disappea of intermetallics as a natural
consequence of heat treatment.

Only a fewd and Q phases were still detected, but obvioushradterised by lower

dimensions.

3.3.1.4 A354 + 0.5%Mdcasting sequence A)

e/

Al-(Fe,Mo)-Si

N
Al-(Fe,Mo)-Si

Figure 3.7 - Optical micrographs of A354 + 0.5% Mo1a), (b) and (c) represent as-cast alloy, while
(c) shows microstructure after solution treatment

The images 3.7a, 3.7b and 3.7c showed a not mddifigectic structure regardless the
addition of Sr. Only after heat treatment a parsiéiton modification was appreciated

(as shown in fig.3.7d).
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Consequently it could be hypothesised that molybdem wt.% higher than 0.3 could
interfere with strontium, but through mechanisnat thiere not investigated.
Moreover the as-cast alloy present@dand Q phases (fig.3.7a and b), as well as

molybdenum clusters (which didn’t get modified artpally dissolved) (fig.3.7d).

3.3.1.5 A354 + 0.8%Mdcasting sequence A)

Figure 3.8 - Optical micrographs of A354 + 0.8% Mo:(a) and (b) represent as-cast alloy, while (c)
and (d) show microstructure after solution treatmen

Fig. 3.8a, b and c showed a microstructure sintdathat observed for the alloy with
0.5%Mo, confirming that high content in molybdenumterferes with silicon
modification and with the formation afintermetallic. Moreover, as expected, there was
an increase of the number and dimension of clusfarsolybdenum intermetallics.
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3.3.2 Scanning electron microscopy

3.3.2.1 Aluminium-molybdenum master alloy

f 1mm v Electron Image 1 s 300pm v Etectron Image 1

Figures 3.9 — SEM micrographs of aluminium-molybdeom master alloy. In the specific (a)
represents a general overview and (b) a detail of B4rich phases

Molybdenum master alloy was characterised by nelddieshaped phases rich in Mo of
relevant dimensions.

This could explain the difficulties in dissolvingduring casting and obtaining a uniform
distribution of the alloying element, especiallyitsfintermetallics.

3.3.2.2 A354 + 0.1% Mdcasting sequence A)

SEM microstructural and EDS analysis highlight osigall differences between as cast
and heat treated alloy.

In figure 3.10 Mo-based compounds constituted hySAIMo, Ti can be observetlhese
could be associated to the phases reported by éstiket al. [22], but characterised by a
different composition. In fact they didn’t containon, but low percentages in titanium,
which was detected also in other molybdenum comgeuMoreover the composition
and morphology of these intermetallics weren’t nfiedi by solution treatment.

In figure 3.11 instead the Al-(Fe, Mo)-Si phasesoabbserved by Farkoosh [22], was
instead reported.

Q-phase/Al, Si, Cu and Mg) was present both in as cast laeat treated material, but
while in as cast sample Q-phase had a well-defmerphology (fig.3.12) in heat treated
ones the Q-phase appeared to be fairly completebplded (fig.3.13).
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As expectedjnsteadd-phasewas dissolvedluring solutiontreatmentandconsequently
thesecompoundsvere present mainlyn as cast materiabftenassociateavith Q-phase
(fig.3.12).

Atomic%

20.19

41.30
0.87

30.46

Electron Image 1

0 0s 1 15 2 25 3
Ul Scale 1640 cts Curser 1425 (211 cts)

Figures 3.10 — SEM micrographs of a cluster of Moich phases found inside A354+0.1%Mo as cast
and corresponding EDS spectrum and chemical compdigin

W Weight% Atomic%
5479 63.94
933 n.28
ECXS o7+ 0.46
22.97 13.96
I 584 312
B 63> Zi

[ Totals LRl

30pm N Electron image 1

Figures 3.11 — SEM micrograph of Al-(Fe,Mo)-Si phasinside heat treated A354+0.1%Mo alloy and
corresponding EDS spectrum and chemical composition
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Figure 3.12 — SEM micrographs ofd and Q phases in A354+0.1%Mo as cast and correspdnd EDS
spectra and chemical compositions
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Figure 3.13 — SEM micrographs of Q phase in A354+D%Mo after complete solution treatment and
corresponding EDS spectrum and chemical compositien
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3.3.2.3 A354 + 0.3% Mdcasting sequence A)

Through SEM observations it was verified that, eedanging molybdenum quantity,
alloy microstructure substantially didn’t changelanoreover no appreciable differences
were observed between water quenched and air ceafegles.

In fig. 3.14 molybdenum-rich intermetallics witholok-like morphology were reported.
Inside them areas with different brightness areentable: thanks to EDS analysis it was
verified that higher is molybdenum quantity, lightleey appear.

Moreover it was interesting to verify that alsalms compound the content of iron is low
and that titanium and vanadium were present, elvémey weren't inside molybdenum
master alloy.

Therefore it can be supposed that molybdenum ictiedavith other elements during the
formation of these intermetallics through mechasishat were not investigated.
Unexpectedly alloy microstructure exhibited, evemsealdom, two different needle-like
phases: littleB-AlsFeSi particles (fig.3.15), whose formation should be theoretically
suppressed by molybdenum and Mo-based ones, whiehidentified as acicular
molybdenum-rich phases from master alloy (fig.3.46) completely dissolved during
casting.

The presence of the latter made rethink castingesésd modify its process parameters,
adding 900°C stage in order to homogenize molybateimside alloy.

Finally figure 3.17 showed the presenced€uAl, (the lighter phaseand Q (the

darker one) intermetallics, whose formations are often assediat

Weight% Atomic%
13.40 19.50
i . 55.75
8.84
213
0.32
0.24
13.23

—_—
10pm Electron Image 1

0 0s 1
Full Scale 1676 cts Cursor: 1626 (T2 cts)

Figure 3.14 - SEM micrograph of a Mo-rich phase insle A354+0.3%Mo as cast and corresponding
EDS spectrum and chemical composition
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Figure 3.15 - SEM micrograph ofp-AlsFeSi phase inside A354+0.3%Mo as cast and corresbng
EDS spectrum and chemical composition

Weight% Atomic%

1.38 20.41
26.76 46.11
2.92 2.95
0.40 0.38
0.42 0.36
179 137
56.32 28.41
100.00

r 100prm 1 Electron Imaga 1

o es 1 1S

Full Scale 1676 cts Cursor 1628 (0 cts)

Figure 3.16 — SEM micrographs of Mo-rich phase foud inside A354+0.3%Mo as cast and
corresponding EDS spectrum and chemical composition
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Figure 3.17 - SEM micrograph of 9 and Q phases found inside A354+0.3%Mo as cast and
corresponding EDS spectra and chemical compositions

3.3.2.4 A354 + 0.3% Mdcasting sequence B)

As shown previously by optical micrographs (fig )3.@asting sequence B (which
guarantees higher molybdenum diffusion) didn’'t nipdnorphology of Mg and Cu-
based particles, while induces changes in Mo phases

The microstructure of solutioned alloy was chanaotel by the presence of Mo-based
intermetallics, since Cu and Mg-based phases waarly tompletely dissolved during
heat treatment.

Two different morphologies of Mo-containing compdsn were found, which
substantially differed according to iron conteradi-like particles, constituted of Al, Si,
Fe and Mo, were mostly observed in interdendrégions, also in association with other
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intermetallics (in particulal® phase), as shown in fig. 3.19; while cross-likeesn
containing only Al, Mo and Si, were usually locateithin thea-Al region (fig. 3.20).

In figure 3.19 it was possible to distinguish aieserof compounds, whose formation
seemed to be associated: compact molybdenum compwudmich is different from that
reported below with cross-shaped morpholo@yphase ana intermetallic (which had

polygonal morphology, instead of classic chinesgsone).
Compared to alloy casted according casting sequénief3 particles were observed.

Probably the higher molybdenum diffusion let intgrand react with iron, preventing

Weight%  Atomic%

1.25 179

from the nucleation d¥-AlsFeSi particles.

5633 72.33
4.01 4-95

38.40 20.94
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Figure 3.18 - SEM micrograph of9d phase inside A354+0.3%Mo as cast and correspondirgDS
spectrum and chemical composition

Al-(Fe,Mo)-Si
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Figure 3.19 - SEM micrograph of9, Q, = and Al-(Fe,Mo)-Si phases inside A354+0.3%Mo as cast and
corresponding EDS spectra and chemical compositions
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Figure 3.20 - SEM micrograph of phases found insid&354+0.3%Mo as cast and corresponding EDS

spectrum and chemical compositions

3.4 Secondary Dendrite Arm Spacing (SDAS) measuremt

The average SDAS values are reported in table 2.5.

Mo %wt Mould

temperature (°C)

0.1 300 39+13
0.3 200 26+5
0.5 200 31+3
0.8 200 32+6

Table 2.5- Average SDAS values of A354 alloy with different percentagein molybdenum

The alloys containing Mo wt% between 0.3 and 0.8wsdd similar SDAS values
ranging between 26 and 3n, while the alloy with 0.1wt% of Mo has higher SBA
This difference is however a consequence of thbdrmiglie temperature and not of the
low Mo amount. Mo, in fact, doesn’t seem have ieflae on SDAS [24, 25].

3.5 Hardness measurements

Hardnessneasurew/erecarried oubn specimens casted according to casting sequence A
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3.5.1 Macrohardness measurements

The values obtained as a result of several sefieseasures are reported as follows in

diagrams below.

Macrohardness values are recorded in tables “A.3, A.4, A.5, A.6” of “Appendix”

section.
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Figure 3.21 — Macrohardness values of A354 base@jlland A354 modified with (a) 0.1, (b) 0.3, (c)
0.5 and (d) 0.8% in Mo at different heat treatmentstages (from as cast to complete solution
treatment). In particular, where not specified, thesamples were quenched after solubilisation

Despite of different content in molybdenum, thedmass showed a similar trend: as cast

alloys presented values of about BB,,, then, as a consequence of first phase of
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solution treatment at 495°C, these decreased aaliyfian increase after solubilisation at
higher temperature was recorded.

In particular, if solution treatment was conducttd540°C, better performances were
registered in molybdenum-containing alloys.

This indicated, as reported by [22], that compae&15°C, soaking at 540°C induced
higher mobility to the Mo solutes, enabling thegipéation of the dispersoids.

The only difference were observed in A354 baseyatiod A354+0.1%Mo, in which
after heat treatment phase at 540°C hardness vdildigs have a relevant increase.

This confirm that the enhancement of hardness sahfethe alloy with Mo after
complete solution treatment could be due to theeldbgwnent of dispersoids, which in the
A354 alloy isn’'t present, while in the A354+0.1%Mbe Mo percentage is too low for
appreciating its effect.

3.5.2 Microhardness measurements

The values obtained as a result of several sefieseasures are reported as follows in
diagrams below.

Microhardness values are recorded in tables “A. 8B, MA.9, A.10” of “Appendix”
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Figure 3.22 - Microhardness values of A354 alloy natified with (a) 0.1, (b) 0.3, (c) 0.5 and (d) 0.8%
in Mo at different heat treatment stages (from as a&st to complete solution treatment). In particular,
where not specified, the samples were quenched afsolubilisation
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The microhardness trends were similar to thoseraeddor macrohardness.

However it is important to notice that, while mibesdness measures were carried out
locally in thea-phase and could be influenced by harder compo(présent around or
under thea one), Brinell ones determined an average valuallothe microstructural
constituents of the alloy.

Consequently, despite of several measures perfoomdble samples, standard deviation
values of microhardness were higher than thoseagtomardness tests.

3.6 Ageing curves

In figure 3.23 aging curves obtained at 180°C Far alloys solution treated both at 515
and 540°C are reported.
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Figure 3.23- Ageing curves of A354 alloy with diffieent molybdenum content after solution
treatments at 515°C for 2h and 540°C for 1h. In thepecific (a) 0.1%, (b) 0.3%, (c) 0.5%, (d) 0.8% in
Mo

The diagrams highlighted the greater effectivereds§40°C solution treatment, which
allowed to reach in the alloys, after aging, highardness (about 10-20 HB) compared
to alloys subjected to solution at 515°C.
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Only A354 with 0.1% in Mo showed a smaller gap keswthe two curves, probably due
to the lower content in molybdenum and consequelaiyer influence on the heat
treatment results.

Moreover it could benoticedthat the highestesults formolybdenum-containinglloys
wereobtainedalreadyafter 4h, insteadof 7, as reported for A354ithout Mo[24,25].

3.7 High temperature exposure

The diagrams were obtained as a result of a sefieseasures made at specific time
intervals, analysing samples containing the sameepgage of molybdenum and
subjected to different treatment after solubilisati(air cooling, quench, quench +
ageing) and comparing the results.

3.7.1 Solution treatment 495°C for 6h +540°Cfor 1h+soaking245°Cfor 301h:

A354 samples underwent T6 heat treatment with tileviing parameters: solution

treatment for 6h at 495°C + for 2h at 515°C + giefveater at 60°C) + ageing for 7h at
180°C (the heat treatment developed from [24, 2Bpis data was used only as a
comparison term, whose results were already knowlneaailable.

No substantial differences were recorded betweerb4Aalloy with or without
molybdenum, with the residual hardness stabilised®70 HB10. Only the alloy
containing 0.1% in Mo showed a residual hardneseiddhan 60HB10.

The heat treatment (air cooling, quench or quendugeing) influenced the hardness
curves only in the first phase of the high tempeetexposition, while it doesn’t
appreciably affects the residual hardness aften.300

In particular ageing effects seemed to fade aftenes days at high temperature.
Moreover it appeared that higher content in molyhohe induced a smaller gap between
aged and non-aged samples.

High temperature exposure acted as over-ageingddareated samples and, probably, as
rapid aging (that can’t be appreciated, because Hardness measurements were carried
out after 301h) + over-ageing for solubilised anémched or air cooled ones. This led to
the evolution of the strengthening precipitatesrfrooherent to incoherent morphology,

their coarsening and consequent reduction in hagdnaue.
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Figure 3.24 — Over-ageing curves (245°C for 301hj A354 alloy with different molybdenum
contents subjected to air cooling, quench and quehct ageing after complete solution treatment. In
the specific (a) A354 without Mo, (b) 0.1%, (c) 0%, (d) 0.5% and (e) 0.8% in Mo

Arranging instead the data according to the treatrmadergone after solubilisation, the
resulting diagrams showed the following outcome:
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Figure 3.25 — Over-ageing curves (245°C for 301hj 8354 alloy with different molybdenum
contents subjected to (a) air cooling, (b) quenchna (c) quench + ageing after complete solution
treatment. Every image compares the results of A35dlloy with different percentages in Mo
undergone to different treatment after solubilisatbn

The diagrams showed that, despite the same all@&ys wubjected to three different
treatment after solubilisation (air cooling, quertd quench + ageing), they reached the
same residual hardness after high temperature gxqnos

These results made suppose that heat treatmeteding air cooling could be sufficient
to have good performances over time and this woudén a notable advantage both
economically (the heat treatment would be compdsetess phases) both in terms of
fatigue behaviour (the quench phase is often eafitand generates residual stresses,
which are negative for the application of matejials

3.7.2 Solutiontreatment495°Cfor 6h+540°C for 1h+soaking 245°Gor 120h+
300°Cfor 42h:

Copper and magnesium intermetallics (remained iallspart after solution treatment)
and precipitates can only be effective for strengpid creep resistance below 250°C,
because above this temperature they start to becmstable, coarsen rapidly (due to
Ostwald ripening) and then dissolve [12].

As previously viewed, despite of higher degradatemperature, A354 seemed to reach
similar performances, both with both without molgbdm.
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Figure 3.26 — Over-ageing curves (245°C for 120h 300°C for 42h) of A354 alloy with different
molybdenum contents subjected to air cooling, queicand quench + ageing after complete solution
treatment (495°C for 6h + 540°C for 1h). In the spgfic (a) A354 without Mo, (b) 0.1%, (c) 0.3%, (d)

0.5% and (e) 0.8% in Mo. Blue region corresponds t@ver-ageing at 245°C, while yellow one to
treatment at 300°C

In fig. 3.27 the results are summarised accordmghie treatment undergone after
solubilisation.

As previously viewed for degradation at 245°C, tteta demonstrated that alloys
reached the same performances over a long periddnef making suppose that air
cooling after solution treatment would be suffi¢iésr application in temperature.

In fact the only persistent reinforcement phaseslevbe the molybdenum ones (that is
intermetallics and dispersoids) [22].
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Figure 3.27 — Over-ageing curves (245°C for 120h300°C for 42h) of A354 alloy with different
molybdenum contents subjected to (a) air coolinghj quench and (c) quench + ageing after complete
solution treatment (495°C for 6h + 540°C for 1h). Eery image compares the results of A354 alloy
with different percentages in Mo undergone to diffeent treatment after solubilisation

3.7.3 Solution treatment495°Cfor 6h+540°Cfor 10h+soaking245°Cfor 144h

Finally, in order to compare performances induced different time of solution
treatment, A354 and A354+0.3%Mo alloys underwemjraéation after solubilisation of
6 hours at 495°C and 10 hours at 540°C. The reardtseported in Fig.3.28.
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Figure 3.28 — Over-ageing curves (245°C for 144hj A354 alloy with different molybdenum
contents subjected to air cooling, quench and quehct ageing after complete solution treatment
(495°C for 6h + 540°C for 10h). In the specific (aA354 without Mo and (b) 0.3% in Mo
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After different heat treatment the samples reagiextbrmances lower than the previous
ones with a gap of about 5-10 HB10.

Then it could be asserted that longer solutiontitneat had a negative influence on
material and this might be attributed to the caoairgg of the molybdenum dispersoids,
which would have reduced high temperature resistafthe alloy.

In fig. 3.29 data are reported according to thattnent undergone after solubilisation.
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Figure 3.29 — Over-ageing curves (245°C for 144hj 8354 alloy without Mo and with 0.3% in Mo
subjected to (a) air cooling, (b) quench and (c) nch+ ageing after complete solution treatment.
Every image compares the results of A354 and A3540:3%Mo undergone to different treatment

after solubilisation

As shown by previous graphs no great differencesewecorded between alloys air
cooled, quenched or aged, making suppose an emeidyofi the material without the

usual complete heat treatment with relevant coshga.

3.8 Tension tests

As a consequence of metallographic analysis, D&@jness and degradation data, as
well as information from literature, it was estahkd to concentrate the study on A354
modified with 0.3% in molybdenum, in order to compd with base alloy.

Therefore tension tests were carried out on sampliesA354 base alloy and
A354+0.3%Mo, which were tested in different coratiti(see table 2.4) after complete
solution treatment.

The results are presented in table 3.30.
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Samples Treatment Test Yield Ultimate | Elongation

designation undergone conditions| strength strength | measured
(MPa) (MPa) (E%)

Solution treatment (495°C Room 285+ 14 380+ 19 2.6+0.1
6h + 540°C 1h) + quench - temperature
ageing (180°C 6h)

Solution treatment (495°C  250°C 93+5 117 +6 12.3+£6.1
6h + 540°C 1h) + quench -

ageing (180°C 6h) + over-

ageing at 250°C for 100h

Solutiontreatment (495°C Room 187 +£9 281 +14 6.4+0.3
6h+540°C1h) + air cooling temperature

+ ageing (180°C 6h)
Solutiontreatmen{495°C 250°C 89+4 129+ 6 194+£1.0
6h+540°C 1h) + air
cooling + ageing (180°C
6h) + over-ageing at 250°(
for 100h
Solutiontreatment (495°C Room 322 £ 16 367 £ 18 35+£0.2
6h+540°C1h) + quench + temperature
ageing (180°C 6h)

Solution treatmen({##95°C 250°C 103 £5 130 £ 6 16.7+£0.8
6h+540°C1h) + quench +

ageing (180°C 6h) + over-

ageing at 250°C for 100h

Table 3.30 - Tensile properties of A354 alloy (AA354+0.3%Mo alloy solubilised, air cooled and
aged (MoA), A354+0.3%Mo alloy solubilised, quenchednd aged (MoT)

@ Ys () uTS
400 450
350 400 -
300 350 - =
300 -
250 -
mA 250 1 =A
MPa 200 MPa
150 MoA 200 7 MoA
150 -
100 ® MoT 100 - = m MoT
50 50 .
0 0 — —
T6, RT OA, 250°C T6, RT OA, 250°C

Figure 3.30 — Tensile properties (YS=yield strengthUTS=ultimate tensile strength) of A354 alloy
(A), A354+0.3%Mo alloy solubilised, air cooled andcaged (MoA), A354+0.3%Mo alloy solubilised,
quenched and aged (MoT). In particular “RT” means hat tests were carried out at room
temperature, while “OA” identifies samples exposedat high temperature (100h at 250°C) and tested
at 250°C

As shown by fig.3.30 the presence of molybdenummoatm temperature induced an
increase of the YS of about the 10% while its ieflae on UTS was negligible; at 250°C,
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instead, both YS and UTS of samples with Mo wemghéi (about 10%) respect to
samples without Mo.

The enhancement in mechanical properties was w@ttdbto the presence of Mo
dispersoids, which hinder dislocation movementss Effect was particularly interesting
for high temperature tests, in which the contribmtof9 and Q phases was weak, due to
their coarsening and dissolution.

Moreover the increase of elongation to failure hbait room and high temperature, was a
further benefit of Mo addition and was a conseqaeent the absence of brittlg-
Al5FeSi, which often acts as a crack nucleatios. sit

Air cooled samples exhibited lower values of YS ad@iS at room temperature

compared to the quenched ones, but reached sipgitlarmances after high temperature
exposure.

These data supported the hypothesis of employirg aloy for high temperature

application only after solution treatment, followég air cooling, in order to avoid

critical aspects linked to quench (see chaptet 8.7.

3.9 Fractography

Representative SEM micrographs of tensile fractsuefaces of samples with and
without Mo, tested at room and 250°C, are repoitedigs. 3.31 and 3.32, which
highlight that fracture surfaces may be describgdthe same fracture mechanisms,
involving cracking of eutectic Si and intermetalfp@articles, microcracks forming by
joining adjacent cracked particles, subsequentatyekof cracks, leading to propagation
and final fracture.

Fracture surfaces of samples tested at 250°C, hewehowed higher ductility with
dimples and tear ridges fig. 3.32.

Some shrinkage porosities were also observed 3fi#fld) and those could justify the
lower UTS value of MoT samples, compared to A-T@srin fact, while YS is slightly
affected by casting defects, UTS is strongly inficed by microstructural defects, such

as pores [3, 5].
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Figure 3.31 — SEM micrographs of fracture surface of (a,b) A354 and (c,d) A354+0.3%Mo alloys tested at room
temperature. A large defect in (a) and macroporosity in (b) are highlighted by arrows
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Figure 3.32 - SEM micrograph of fracture surface of A354+0.3%Mo alloy tested at high temperature (MoA sample)
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Chapter 4 - Conclusions

The results of this study highlight that the adufitof Mo to Al-Si-Cu-Mg casting alloys

could be effective in improving high temperaturddéour. In particular it was possible

to define:

Casting parameters able to guarantee an homogedestuisution of Mo in casts

Minimum Mo content
Optimal Mo percentage alloy was identified as 0.3%gher quantities don’t
induce further properties enhancement and leatlitter formation of Mo

intermetallics

Aging curves and heat treatment parameters fontbeified alloys, in order to
obtain an increase of mechanical properties aftgr temperature exposition.
Solution treatment at 540°C had positive effect$atlowing ageing stage and on
mechanical properties of solubilised alloys, prdpahs a consequence of
molybdenum dispersoids formation.

Modified alloy heat treated according to new paramsehighlighted an increase
of strength both at room and 250°C of about 10%eeisto traditional A354

The effects of Mo addition on microstructure in tgardar on: eutectic silicon
morphology and iron based intermetallics amount.

In Mo-containing alloy the eutectic silicon was rmmmpletely modified, but no
B-Al_5 FeSi particles were observed. These compourettuce material
performances due to their needle-like morphologyl @heir absence could
explain the higher elongation to failure of the nfied alloy respect to the

traditional one

The research activity will be focused on the stafiiMo based dispersoids precipitation

sequence, by means of transmission electron migpgs¢TEM), in order to further

optimize the heat treatment parameters.
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Appendix

Chapter 2 — Material and methods

2.5 Heat treatment

Acronym

A515T

A515|

AS540A

A540T

A540I

A540-10A

A540-10T

A540-10I

A01-515T

A01-515I

A01-540A

A354

A354

A354

A354

A354

A354

A354

A354

A354 + 0.1%Mo

A354 + 0.1%Mo

A354 + 0.1%Mo

Alloy Heat treatment

Solution treatment (495°C for 6h + 515°C for
2h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 515°C for
2h) + quench (water at 60°C) + ageing (180°C
for 4h)
Solution treatment (495°C for 6h + 540°C for
1h) + air cooling
Solution treatment (495°C for 6h + 540°C for
1h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 540°C for
1h) + quench (water at 60°C) + ageing (180°C
for 4h)
Solution treatment (495°C for 6h + 540°C for
10h) + air cooling
Solution treatment (495°C for 6h + 540°C for
10h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 540°C for
10h) + quench (water at 60°C) + ageing
(180°C for 4h)
Solution treatment (495°C for 6h + 515°C for
2h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 515°C for
2h) + quench (water at 60°C) + ageing (180°C
for 4h)
Solution treatment (495°C for 6h + 540°C for

1h) + air cooling
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A01-540T
A01-540I
A01-540-10A

A01-540-10T

A01-540-10I

A03-515T
A03-515I

A03-540T

A03-540I
A03-540-10A

A03-540-10T

A03-540-10I

A03-540A

AO05-515T

A354 + 0.1%Mo

A354 + 0.1%Mo

A354 + 0.1%Mo

A354 + 0.1%Mo

A354 + 0.1%Mo

A354 + 0.3%Mo

A354 + 0.3%Mo

A354 + 0.3%Mo

A354 + 0.3%Mo

A354 + 0.3%Mo

A354 + 0.3%Mo

A354 + 0.3%Mo

A354 + 0.3%Mo

A354 + 0.5%Mo

Solution treatment (495°C for 6h + 540°C for
1h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 540°C for
1h) + quench (water at 60°C) + ageing (180°C

for 4h)
Solution treatment (495°C for 6h + 540°C for
10h) + air cooling
Solution treatment (495°C for 6h + 540°C for
10h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 540°C for
10h) + quench (water at 60°C) + ageing
(180°C for 4h)

Solution treatment (495°C for 6h + 515°C for
2h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 515°C for
2h) + quench (water at 60°C) + ageing (180°C

for 4h)
Solution treatment (495°C for 6h + 540°C for
1h) + air cooling
Solution treatment (495°C for 6h + 540°C for
1h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 540°C for
1h) + quench (water at 60°C) + ageing (180°C
for 4h)
Solution treatment (495°C for 6h + 540°C for
10h) + air cooling
Solution treatment (495°C for 6h + 540°C for
10h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 540°C for
10h) + quench (water at 60°C) + ageing
(180°C for 4h)
Solution treatment (495°C for 6h + 515°C for
2h) + quench (water at 60°C)
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A05-515I

A05-540A
A05-540T

A05-540I

A05-540-10A
A05-540-10T

A05-540-10I

A08-515T

A08-515I

A08-540A
A08-540T

A08-540I

A08-540-10A
A08-540-10T

A354 + 0.5%Mo

A354 + 0.5%Mo

A354 + 0.5%Mo

A354 + 0.5%Mo

A354 + 0.5%Mo

A354 + 0.5%Mo

A354 + 0.5%Mo

A354 + 0.8%Mo

A354 + 0.8%Mo

A354 + 0.8%Mo

A354 + 0.8%Mo

A354 + 0.8%Mo

A354 + 0.8%Mo

A354 + 0.8%Mo

Solution treatment (495°C for 6h + 515°C for
2h) + quench (water at 60°C) + ageing (180°C
for 4h)
Solution treatment (495°C for 6h + 540°C for
1h) + air cooling
Solution treatment (495°C for 6h + 540°C for
1h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 540°C for
1h) + quench (water at 60°C) + ageing (180°C
for 4h)
Solution treatment (495°C for 6h + 540°C for
10h) + air cooling
Solution treatment (495°C for 6h + 540°C for
10h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 540°C for
10h) + quench (water at 60°C) + ageing
(180°C for 4h)
Solution treatment (495°C for 6h + 515°C for
2h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 515°C for
2h) + quench (water at 60°C) + ageing (180°C
for 4h)
Solution treatment (495°C for 6h + 540°C for
1h) + air cooling
Solution treatment (495°C for 6h + 540°C for
1h) + quench (water at 60°C)
Solution treatment (495°C for 6h + 540°C for
1h) + quench (water at 60°C) + ageing (180°C
for 4h)
Solution treatment (495°C for 6h + 540°C for
10h) + air cooling
Solution treatment (495°C for 6h + 540°C for
10h) + quench (water at 60°C)
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A08-540-10I A354 + 0.8%Mo Solution treatment (495°C for 6h + 540°C for
10h) + quench (water at 60°C) + ageing
(180°C for 4h)

Table A.1 — Schematization of heat treatment to which A354 alloy with different percentages of molybdenum were
subjected and correspondent recognition acronym

Chapter 3 - Results

3.2 Heat treatment

 A354+0.3%Mo air cooled:

Heat treatment Time (h) Hardness (HB10)

A354+0.3%Mo solub.495°C

6h + air cooling

A354+0.3%Mo solub.495°C

6h+540°C 0.5h + air cooling

A354+0.3%Mo solub.495°C 7 754
11 74 +3

6h+540°C 1h + air cooling
A354+0.3%Mo solub.495°C
6h+540°C 3h + air cooling
A354+0.3%Mo solub.495°C
6h+540°C 5h + air cooling
A354+0.3%Mo solub.495°C
6h+540°C 7h + air cooling
A354+0.3%Mo solub.495°C
6h+540°C 15h + air cooling

A354+0.3%Mo solub.495°C
6h+540°C 24h + air cooling

Table A.2 - Hardness trend over solution treatmentime of air cooled A354+0.3%Mo

23 72+1
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* A354+0.3%Mo quenched:

i) | Farines (510
A354+0.3%Mo AC 0 78+ 3

A354+0.3%Mo solub.495°C 6 76 +2
6h + quench

A354+0.3%Mo solub.495°C 6,5 81+2
6h+540°C 0.5h + quench

A354+0.3%Mo solub.495°C 7 84+3
6h+540°C 1h + quench

A354+0.3%Mo solub.495°C 9 83+3
6h+540°C 3h + quench

A354+0.3%Mo solub.495°C 11 82+1
6h+540°C 5h + quench

A354+0.3%Mo solub.495°C 13 80+3
6h+540°C 7h + quench

A354+0.3%Mo solub.495°C 23 782
6h+540°C 15h + quench

A354+0.3%Mo solub.495°C 30 8l1+1
6h+540°C 24h + quench

Table A.3 - Hardness trend over solution treatmentime of quenched A354+0.3%Mo

3.5 Hardness measurement

3.5.1 Macrohardness measurements

* A354:
A354 Sr AC 86+3
A354 s0l.495°C 6h + air cooling 64+1
A354 s0l.495°C 6h + quench 64.3£0.5
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A354 solub. 495°C 6h + 540°C tlair 824
cooling

A354 solub. 495°C 6h + 540°C 1h + quent 831
(water at 60°C)

Table A.4 — Macrohardness values of A354 after evestage of heat treatment

* A354 + 0.1%Mo:

A354 SrAC 79.0+0.5
A354 + 0.1% Mo AC 79+2
A354 + 0.1% Mo solub.495°C 6h+ quencl 64 +2

(water at 60°C)

A354 + 0.1% Mo solub.495°C 6t515°C 2h 69 +2

+ quench (water at 60°C)

A354 + 0.1% Mo solub.495°C 6t640°C 1h 781

+ quench (water at 60°C)

Table A.5 — Macrohardness values of A354+0.1%Mo aftevery stage of heat treatment

* A354 + 0.3%Mo:

A354 Sr AC 79.0+0.5
A354 + 0.3% Mo AC 85+3
A354 + 0.3% Mo solub.495°C 6h+ quencl 69.7+0.4
(water at 60°C)
A354 + 0.3% Mo solub.495°C e&b15°C 2h 731

+ quench (water at 60°C)
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A354 + 0.3% Mo solub.495°C 6t640°C 1h 99 +2

+ quench (water at 60°C)

Table A.6 — Macrohardness values of A354+0.3%Mo aftevery stage of heat treatment

* A354 + 0.5%Mo:

A354 SrAC 79.0+0.5
A354 + 0.5% Mo AC 90 +4
A354 + 0.5% Mo solub.495°C 6h+ quencl 71+1

(water at 60°C)

A354 + 0.5% Mo solub.495°C 6+515°C 2h 77+1
+ quench (water at 60°C)

A354 + 0.5% Mo solub.495°C 6t640°C 1h 86+1
+ quench (water at 60°C)

Table A.7 — Macrohardness values of A354+0.5%Mo aftevery stage of heat treatment

* A354 + 0.8%Mo:

A354 Sr AC 79.0+0.5
A354 + 0.8% Mo AC 82+2
A354 + 0.8% Mo solub.495°C 6h+ quencl 761
(water at 60°C)
A354 + 0.8% Mo solub.495°C &b15°C 2h 731

+ quench (water at 60°C)

A354 + 0.8% Mo solub.495°C 6t640°C 1h 79+1
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+ air cooling

A354 + 0.8% Mo solub.495°C 6t640°C 1h 93+1

+ quench (water at 60°C)

Table A.8 — Macrohardness values of A354+0.1%Mo aftevery stage of heat treatment

3.5.2 Microhardness measurements

* A354 + 0.1%Mo:
Tipo di lega Durezza (HB10)
A354 + 0.1% Mo AC 83+11

A354 + 0.1% Mo solub.495°C 6h+ quencl 68 +8
(water at 60°C)

A354 + 0.1% Mo solub.495°C 6+515°C 2h 75+6
+ quench (water at 60°C)

A354 + 0.1% Mo solub.495°C 6t640°C 1h 86+5

+ quench (water at 60°C)

Table A.9 — Microhardness values of A354+0.1%Mo afteevery stage of heat treatment

* A354 + 0.3%Mo:
Tipo di lega Durezza (HB10)
A354 + 0.3% Mo AC 78 £ 10

A354 + 0.3% Mo solub.495°C 6h+ quencl 807
(water at 60°C)

A354 + 0.3% Mo solub.495°C 6+515°C 2h 80+6
+ quench (water at 60°C)

A354 + 0.3% Mo solub.495°C 6t540°C 1h 81+9

73



+ quench (water at 60°C)

Table A.10 — Microhardness values of A354+0.3%Mo at every stage of heat treatment

* A354 + 0.5%Mo:
Tipo di lega Durezza (HB10)
A354 + 0.5% Mo AC 70+ 10

A354 + 0.5% Mo solub.495°C 6h+ quencl 74+4
(water at 60°C)

A354 + 0.5% Mo solub.495°C 6t615°C 2h 71+8

+ quench (water at 60°C)

A354 + 0.5% Mo solub.495°C 6t640°C 1h 79+6

+ quench (water at 60°C)

Table A.11 — Microhardness values of A354+0.5%Mo at every stage of heat treatment

* A354 + 0.8%Mo:
Tipo di lega Durezza (HB10)
A354 + 0.8% Mo AC 59+11

A354 + 0.8% Mo solub.495°C 6h+ quencl 68 £ 6
(water at 60°C)

A354 + 0.8% Mo solub.495°C 6t615°C 2h 57+1

+ quench (water at 60°C)

A354 + 0.8% Mo solub.495°C 8640°C 1h 71+4
+ air cooling
A354 + 0.8% Mo solub.495°C 8640°C 1h 777

+ quench (water at 60°C)

Table A.12 — Microhardness values of A354+0.8%Mo at every stage of heat treatment
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