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RESUME
L'utilisation de matériaux léger est devenue unontgnt facteur dans I'industrie de

'automobile du aux restrictions imposées par lesuvgrnement en matieres de
consomation de carburant fossile. Les alliagesudiaium sont 65% plus léger que la
fonte, ce qui permet une reduction de poids sicaifve. Cependant, il existe encore
plusieurs défis a relever concernant l'utilisatidialliage Al-Si hypoeutectic dans la

fabrication de bloc moteur. Cette these enquéte lssr facteurs infulencant le

développement de contraintes résiduelles dansléesnoteur 1-4 et V-6 dus a différents

traitements thermiques et introduisant un traiteénsens zéro comme moyen de réduction
des contraintes résiduelles.

La premiére partie de cette thése, explore le depelment de contraintes
résiduelles avec différents parametres de coulée das pieces de géométries simples en
alliage A356.1 et B319.1. Cette analyse comprenthdésure des propriétés de traction,
I'analyse microstructurale et la mesure de la eamtt résiduelle a l'aide de la technique de
coupe. Les parametres de coulée comprennent Eseite refroidissement, les milieux de
trempe, le temps de vieillissement et la tempéeati#r vieillissement. La deuxieme phase
de cette étude examinera le développement desagues résiduelles dans les piéces
coulées, avec une forme plus complexe comme danblées moteurs |-4 et V-6 avec
chemises en fonte grise coulée, avec différentanpaires de traitement thermique et
traitement sous zéro.

Une analyse des résultats montre que les matédauxésistance plus élevée,
comme dans l'alliage B319.1, produisent des conasirésiduelles plus élevées que les
matériaux de moindre résistance comme dans le €a&386.1. Les résultats montrent
également qu'il existe une proportionnalité direeée les contraintes de traction ultimes
(UTS) et les contraintes résiduelles (RS) avec itasse de trempe. Les contraintes
résiduelles diminuent graduellement avec des \dtesde refroidissement / trempe
décroissantes du milieu de trempe. Le processua ttempe dans I'eau froide développe
les contraintes résiduelles les plus élevées eatefimidissement a l'air développe les
contraintes résiduelles les plus basses. La rétexdes contraintes résiduelles dépend de
maniére significative de la température de vie#iment et se déroule en douceur avec
laugmentation du temps de vieillissement. Enfing taugmentation significative des
contraintes résiduelles est observée dans les #thvan a faible SDAS, comme dans la
coulée en L (taux de solidification élevé), tangiie les contraintes résiduelles plus faibles
sont mesurées dans les échantillons a fort SDASnm dans la coulée en bloc (taux de
solidification bas).



Pour les blocs-cylindres 14 et V-6, les résultatggerent qu'il y a un raffinement de
la microstructure en raison de l'augmentation deitesse de refroidissement le long du
cylindre. Les contraintes résiduelles développéesomt révélées étre en traction pour les
blocs moteurs I-4 et V-6. De plus, la variation deatraintes résiduelles développées s'est
avérée insignifiante. Les résultats indiquent égel® que le refroidissement par air a
produit les contraintes résiduelles les plus éleys rapport a la trempe a I'eau chaude et a
l'eau froide. Le traitement thermique et la congé@ha en solution ont conduit a une
relaxation maximale de la contrainte résiduellesqae 50% des contraintes résiduelles ont
été réduites apres I'étape de traitement thernegusolution. Le temps de vieillissement et

la température de vieillissement sont directemempgrtionnels a la relaxation des
contraintes résiduelles.



ABSTRACT
Using light-weight materials have become an impurfactor in the automotive

industry due to stringent government regulationsfuei consumption. Aluminum alloys

are 65% lighter than cast iron enabling significargtight reduction. However, there are
several significant challenges associated to tleeofidypoeutectic Al-Si alloys in engine
block applications. This dissertation investigateel factors influencing the development of
residual stresses in I-4 and V-6 engine blocks tludifferent heat treatments and
introducing sub-zero treatment as a mean for reguasidual stresses.

The initial section of this thesis explores the @lepment of residual stresses with
different casting parameters in A356.1 and B31@4dtings with simple geometries. This
analysis involved measurement of tensile propertr@srostructural analysis, and residual
stress measurement using sectioning technique.c@beng parameters include cooling
rate, quenching media, aging time and aging tenyreraThe second phase of this study
will investigate the development of residual stresg€astings, with more complex shape
such as in I-4 and V-6 engine blocks with cast#aygiron liners, with different heat
treatment parameters and sub-zero treatment.

An analysis of result shows that higher strengthenes, as in B319.1 alloy,
produce higher residual stresses compared to raktégth lower strength, as in the case of
A356.1. The results also show that there is dipgoportionality between ultimate tensile
stresses (UTS) and residual stresses (RS) withchuenrate. The residual stresses were
found to gradually decrease with decreasing coffumgnching rates of the quenching
medium. The quenching process develops the higbsstual stresses, where quenching in
cold water develops the highest, and air coolimglthvest, residual stresses. The relaxation
of residual stresses is significantly dependenaging temperature and proceeds smoothly
with the increase in aging time. Finally, signifitaincrease in the residual stresses is
observed in specimens with low SDAS, as in the &psltl casting (high solidification rate),
while lower residual stresses are measured in s@ed with high SDAS, as in the block
casting (low solidification rate).

For 14 and V-6 engine blocks, the results sugghat there is refinement in
microstructure due to increases cooling rate althegcylinder. The developed residual
stresses were found to be tensile for both I-4 ¥l engine blocks. Furthermore, the
variation in the developed residual stresses wasddo be insignificant. The results also
indicate that air cooling produced the highestdesi stresses compared to warm water and
cold-water quenchingSolution heat treatment and freezing led to maximamount of
residual stress relaxation where 50% of the resislwesses were reduced after SHT step.



Aging time and aging temperature is directly projomal to the residual stresses
relaxation.
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Chapter 1
Definition of the PROBLEM

1.1 Introduction

Residual stress is generally referred as an intstress, which exists in equilibrium
inside a component in the absence of any extemae$ or constraints, temperature
gradients, or any other external influences [1]y Aristing residual stresses are considered
as elastic stresses that are kept under statiilequn. Elastic limit is the maximum value
that can be reached by any residual stresses. #@gses higher than the value of elastic
limit with no opposing forces will be relieved byaptic deformation until it reaches the

value of the yield stress [2].

Residual stresses are an accidental result or dgupt of processing conditions
such as welding, forging, extrusion, casting (eskgc after heat treatment). Plastic
deformation, thermal stresses, phase transformataiti-phase materials, and welding are
the main sources for residual stresses in any caemidl1] [3]. Residual stresses can lead
to warping or distortion during machining in additito reducing fatigue strength, crack
resistance and encouraging surface crack growthhatan affect the structural integrity of

the casting.

The evolution of residual stresses is mandatoryitas a product of all the
manufacturing processes of the structure. The madmiand sign of the residual stresses

determine whether its effect on the structure Wwdl beneficial or detrimental. Currently,



engine blocks are made of Al-Si alloys with gregtdeon inserted in the cylinder bores to

compensate for the wear resistance deficiencyisfaloy system.

During engine block casting, several factors deiieenthe magnitude and sign of
casting residual stresses naming namely, quencbewerity, temperature difference,
thickness of the part, the implementation methodthaf cast iron liners, and material
thermal properties such as heat expansion coefficteermal conductivity, specific heat
and density of the material [4]. In order to endina production of parts meet the required
specifications, minimizing distortion and crackipgpblems generated from the presence of
residual stresses while improving mechanical proggrprocess optimization is required

by optimizing both part geometry and quenching pssadesign.

1.2 Definition of the Problem

With a view to improving fuel efficiengymost diesel engine blocks are made from
Al-Si-Cu alloys followed by proper machining for leancing surface quality. This alloy
type provides several characteristibat are satisfactorfor engine block application such
as good castability, good machinability, and hidkertnal conductivity,and high
mechanical properties at both room and elevatepeestures. Due to thelow wear
resistance, however, the use of protective cyliniers in the combustion chamber of the
engine block is required to compensate for theffitsent wear resistance of Al-Si-Cu-type
alloys.

Excessive residual stresses may be generated dbe targe difference in thermal
expansion coefficient between the aluminum allay 210° K™%) and cast iron (1.5 x 10

K-1) [5]. The presence of these residual stressedars engine blocks prone to either



distortion or failure. Distortion of the cylindeptes results in a loss in compression of the
air-fuel mixture due to improper sealing betweea ¢hlinder wall and the piston. This loss
of sealing causes a portion of the compressedialrafiixture to leak out of the combustion
chamber by a process known as “blow-by” [6] [7]whireduces the engine efficiency.

Figure 1-1 illustrates the blow-by phenomeifiar the engine’s compression and power

strokes.
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Figure 1-1 Cross-section of engine cylinder illustratirtge tblow-by phenomenon during
operation [7]

In addition to distortion, tensile residuairesses hava devastating impact on
engine block performance due to their influencelmmechanical behaviotgsulting from

reducedatigue strength and crack resistance which engasraurface crack growth which



leads to engine failure and expensive maintenaasts ¢anging between 6000 to 10000$.
Figure 1-2 shows a crack developedimengine block bridgdue to residual stresses.

In conclusion, aluminum engine blocks with grayniroylinder liners are prone to
tensile residual stresses along the cylinder bavbg;h results in distortion, cracks, and a
reduction in engine efficiency. Several ideas hiagen introduced in order to change the
cast iron liners with another suitable replacemieat due to technical and economic
problems cast in liners are considered the mosectfke option in engine block
manufacturing [8].

This research study will investigate residual strgeneration in 319 aluminum
alloy cylinder blocks with cast iron inserts undakiferent casting conditions in order to
reach the appropriate heat treatment scheduledditi@an to determining how residual
stresses are relieved with time during solutionthgaatment. Microstructural and
mechanical characterization will be carried outusing samples sectioned from the engine
block, employing optical and scanning and transimmsslectron microscopy techniques for
microstructural characterisation, and hardness @&gewkile testing for mechanical
characterization.

The main objectives of this research study areefbes summarized as follows:

» Study the factors that directly influence the rasidstresses in
different Al-alloys to understand their evolutiomdarelaxation.

* Provide reliable data on the magnitude of residiissses generated
inside an engine block through a series of measeméscarried out to
evaluate the residual stresses in critical regmnsast engine blocks

made from heat treatable B319.1, with cast iropriss



» Compare the results obtained from above points xtene our
understanding of the development and relaxatiaesifiual stresses.
* Optimize the heat treatment parameters requireginpyove casting

integrity of engine blocks and enhance their efficiy.

By gaining an insight into the above aspects, tkset bmanufacturing parameters
conditions for producing engine blocks with optimumechanical performance and lowest
locked-in stresses may be determined. In orderctoese these objectivethe study will
involve optical, scanning and transmission electmicroscopy for microstructural
characterization, tensile and hardness testingrfechanical properties characterization,
and analysis of selected regions with high amoohtsesidual stresses inside the engine

cylinder blocks using the sectioning technique.

Figure 1-2 Crack within Engine Block Bridge [8]
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Chapter 2
Survey of Literature

2.1 Introduction

Aluminum and its alloys occupy the third place amooommercially used
engineering materials. In commercial aluminum castalloys, Al-Si base alloys are
perhaps the most commonly used alloys due to #iactive characteristics such as high
strength-to-weight ratio, good workability, excelleastability, good thermal conductivity,
good corrosion resistance and high-temperaturepeance. The use of aluminum alloys
has increased significantly over the past sevemrs/ in numerous applications,
successfully replacing iron and steel due to ighhspecific strength when compared to

steel.

The 19" century is considered the starting point of anl@wanary era in the
development of aluminum casting which played aregrdl role in the growth of the
aluminum industry [9]. Consumption of aluminum @ag$ has increased from 85,000
tonnes in 1995 to 43.989 million tonnes in the y2@it1 [10]. Production of aluminum
castings using Al-Si alloys has received acceptafgleement in recent decades due to
their attractive properties. This class of allogsemerging as one of the most dominant
materials in a number of sectors like transportitany, aviation and general engineering.
Al-Si alloys usage in the transport sector hasdased from just 6% in 1950 to 23% in the
year 2000 due to their good mechanical propertie®@m and high temperature. Due to
increase in market demand, research and developafferts have played an important role

in the dramatic growth in consumption of aluminulioys.



Aluminum-silicon alloys are classified into threfetent categories: hypo-eutectic
(5-10%S:i), eutectic (11-13%Si) and hyper eutectiore than 13%Si), depending on the Si
content, the eutectic point occurring at ~12 wt.%C3iange in the composition is made by
the addition of alloying elements such as coppegmesium, manganese, and iron. These
are the most used alloying elements in Al-Si alleysere they form a solid solution and
form intermetallic phases during solidification. eih addition makes AIl-Si alloys heat
treatable, where the mechanical properties of oy are enhanced through precipitation
hardening treatment. The size, shape and volunotidraof the precipitated intermetallic
phases and the eutectic structure determines i@ fnechanical properties [11]. The
change in microstructure is strongly dependent loa alloy chemistry, solidification

conditions and heat treatment.

Automotive and aerospace industries are the magmasarwhere aluminum
processing is crucial. Aluminum processing involeeselting of the metal, casting, and
then carrying out suitable heat treatments to reaehdesired properties in the cast part;
through such processing, the manufacturing of maplications such as cylinder heads,
engine blocks, pistons, and other parts is madsilges In recent years, the development
of diesel and direct fuel injection gasoline engimgth high generated powers has resulted
in a marked performance impact on piston matedaks to increased combustion pressure

and piston temperatures.

Aluminum castings often are subjected to a T6/Tat lieeatment to increase their
mechanical properties. These treatments generatfjude a solution treatment at a

relatively high temperature to form a super saadaolid solution (SSSS), followed by
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rapid quenching in a cold medium, such as wateera/the aluminum becomes super
saturated due to quench. the treatment is themhagkened at an intermediate temperature
[12] . During heat treatment of aluminum alloyssideial stresses and distortion may be
observed especially in castings with complex geoeétie to non-uniform temperature

distribution during the quenching process [12] [13]

Many automobile parts are made of aluminum alloyshsas engine blocks,
cylinder heads, and suspension parts, and to peréficiently and eliminate premature
failure, residual stresses must be minimized. Quearvice, these parts undergo heating
and cooling cycles which promote residual stresBessence of residual stresses in the
casting deteriorates fatigue life and dimensiomabiity of the part [12]. Tensile residual
stresses can result in distortion and cracking h& tomponent during quenching or
machining and if this occurs during service, it canse a reduction in efficiency or failure
of the part [13]. The presence of residual stresmed/or distortion in a structural
component, such as an aluminum casting, has aimegafluence on the component’s

dimensional tolerance, performance and fatigug 1.

There are multiple factors that hinder the predictof residual stresses because
they are the product of all the manufacturing psscgages and they can evolve during the
life time of the product [1] [14]. Their influencgepends on their magnitude, sign, and
extent relative to the controlling length, areavoiume of material associated with any
particular mode of failure [1] [14]. According tbé sign of the residual stresses, they can
increase or decrease the levels of the applieds&sewhich can lead to unexpected failure

[1] [15]. Since, characterizing and anticipating tiesidual stress induced in every location
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in a component under industrial production condsias difficult, in addition to concerns
that the residual stress state might change duhieglong service life of the part, it is
important to study the origin of the residual s$e=s develop methods to measure them,

study their role on failure processes and devedoprtiques to reduce them.

2.2 Aluminum alloys

2.2.1 Aluminum alloys designation systems

Aluminum alloys are commonly grouped into variollsyaseries, depending upon
the alloying elements they contain. These alloys divided into two major groups,
wrought alloys and cast alloys, depending on thethod of fabrication. Cast alloys are
those where the melt is directly cast into thelfioan by one of various methods such as
sand-, permanent mold-, or pressure die castingle wrought alloys are those where
casting is followed by hot or cold working to thedl desired shape such as sheets, plates,

tubes, forgings, etc.

Generally, in both systems, similar alloying eletseare added, but in different
guantities. Based on the principal alloying eleragntvrought alloys are divided into seven
groups starting with 1XXX and ending with the 7XX3Koup. 1XXX, 3XXX, 4XXX and
5XXX series are not heat-treatable, while 2XXX, 6X>and 7XXX series are the heat-

treatable groups which can be strengthened thrpugtipitation hardening treatment [16].

The most common designation system for cast alumialloys is that proposed by
the Aluminum Association (AA). The system uses r@ehdigit number (i.e., IXX.X, 2Xx.X,

etc.) followed by a decimal point to identify theneposition limits for casting [16] [17].
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The first digit indicates alloying group while treecond and third digits identify the
specific aluminum alloy according to its alloyinigments, or indicate aluminum purity for
the aluminum (Ixx.x) series. The decimal values (D or .3) indicate the chemical
composition limits for casting (.0) or ingots [1J88]. A prefix letter is always included in
the AA designation system to distinguish alloysaoeneral composition (with the same
alloy number), and differing only in the percentagk impurities or minor alloying
elements, e.g., 319, A319 and B319. Table 21% lise AA designations of aluminum
casting alloy series.

Table2-1 Aluminum Association designation system fomalwm casting alloys [19]

Series Major alloying

1XX.X pure aluminum (unalloyed series)
2XX.X Al-Cu

3XX.X Al-Si-Mg, Al-Si-Cu, Al-Si-Cu-Mg
AXX.X Al-Si

SXX.X Al-Mg

BXX.X Un used

TXX.X Al-Zn

8XX.X Al-Sn

9XX.X Unused
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2.2.2 Aluminum-Silicon alloys

Aluminum-silicon (Al-Si) alloys are an importantasls of materials that constitute
the majority of aluminum cast parts produced, dutheir superior properties and excellent
casting characteristics. More than 90% of alumintamstings are made from Al-Si base
alloys due to their attractive characteristics sashhigh strength-to-weight ratio, good
workability, excellent castability, good thermalncluctivity, good corrosion resistance,
reduction in thermal expansion and high-temperapgdormance. The use of aluminum
alloys has increased significantly over the pasers years in numerous applications,
successfully replacing iron and steel due to thaih specific strength when compared to

steel [20].

The automotive industry is the largest consumeAlebi cast alloys, where these
alloys have replaced steel for the sake of grdatrefficiency and higher performance,
attributed to their much lighter weight and higlertnal conductivity. Thus, Al-Si castings
have gradually replaced automobile parts such assmnission cases, intake manifolds,

engine blocks and cylinder heads that were formmdpufactured using steel and cast iron.

For improving the mechanical properties of Al-Sogs$, several studies have been
carried out to evaluate the role of elements cansig alloys. These elements are present

either as impurities or intentionally added asyatlg elements, see Table 2-2.

The most common aluminum casting alloys that aeel iis the automotive industry
are 319.0 (Al-6Si-3.5Cu), 332.0 (Al-9.5Si-3Cu-1.0Mg355.0 (AI-5Si-1.3Cu-0.5Mg),

A356.0 (Al-7Si-0.3Mg), A357.0 (Al-7Si-0.5Mg), 380.0AI-8.5Si-3.5Cu), 390.0 (Al-
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17.0Si-4.5Cu-0.6Mg), 413.0 (Al-12Si) and 443.0 GARSI) alloys. Amounts of alloying

elements differ between different series, leadingitanges in the final properties.

Within the family of 3xx.x aluminum alloys, the ACu 319-type and Al-Si-Mg
356-type cast alloys are of commercial importaneeahse of their applications in the
automotive industry. These alloys have excellestatality and fluidity due to the high
concentration of Si. In addition, they offer a hidgagree of strength, light weight and good
machinability in both permanent mold and sand ngsti Table 2-3 illustrates different

casting properties of B319.1 and A356.1 alloys.

In the present work, the AI-Si-Cu family, represghby B319.1, was chosen for
this study, due to its high demand in the autoneobidustry. B319.1 contains silicon,
copper, and magnesium as the hardening elemeritsalldy is widely used in automotive
cylinder heads, internal combustion engine bloakd piano plates, as well as in other
applications where good casting characteristics|datmlity, pressure tightness and
moderate strength are required. Alloy 319.0 retershe composition of 319 castings,
whereas 319.1 and 319.2 refer to those of the sngdte prefixes A, B, etc. indicate the
differences in impurities or minor alloying elemestuch as Mg. It has been reported that
mechanical properties are relatively insensitiveémgpurities when the impurity limits are
exceeded. B319.1 has a composition of 85.8-91.% Wi, 5.5-6.5 wt.% Si, 3-4 wt.% Cu,
maximum 0.35 wt.% Ni, maximum 0.25 wt.% Ti, maxim® wt.% Mn, maximum 1%

Fe, maximum 0.1 wt.% Mg, and maximum 1 wt.% Zn [21]
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Table2-2 Summarized effect of alloying elements in sySiems

Element |Type Effect
Antimony
Strontium alloying | Eutectic silicon modification by transformation rinoits
Calcium elements | acicular plate like form into a lamellar or fibrofsm
Sodium
Phosphorus impurity Reduces the effectiveness of elements dlachnd Sr
Titanium alloying . ]
clements | 9rain refiners
Boron
allovin enhances castability, increases strength and hesdimg
Copper elerr>1/engts heat-treatable alloys at the expense of a reducin
corrosion and hot tearing resistance
allovin enhances strengthening response of the material,
Magnesium eIerr%enqts improves the response of the material to heatrirexat by,
enhancing the precipitation response during aging.
Manganese alloying neutralizes the effect of the brittle skESi intermetallig
9 elements | phase by converting it to a compact Chinese sfoipt
Iron imourit forms insoluble brittle intermetallics such as {#dSi)
purty that have a direct impact on the ductility of dtey
Silver i
2 ;Ié?%llenrg[s increase the age-hardening response of the alloy
inc
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Table2-3 Characteristics of various aluminume-silicon tag alloys [13]

Casting Resistance Pressure - Shrinkage L
Alloy Method To_ Tightness Fluidity Tendency Machinability
Tearing
319.0 S,P 2 2 2 2 3
A356.0 S,P 1 1 1 1 3
Rating: 1- best, 5- worst; S = sand casting, P = peanent mold casting

This alloy is rarely used in its as-cast state esiitc yields relatively average
mechanical properties. This can be attributed &éopgtresence of a coarse acicular silicon
eutectic phase which, because of its morphologshafp ends and edges, acts as a stress
raiser for the material under an applied load.rbfeoto enhance the mechanical properties,
chemical and thermal treatments are applied tallog. Chemical and thermal treatments

will be discussed in detail in a further section.

The melting temperature range is 675°-815°C ancc#sting temperature is about
675°-790°C; depending on the amount of Mg, solutieat treatment is usually carried out
at a temperature of 500°C to 505°C, for 12 h (saasding) or 8 h (permanent mold casting)
at this temperature in order to (i) dissolve thieites, mainly Cu, present in the alloy which
are responsible for the hardening response; (iijndgenize the casting, and (iii)
spheroidize the eutectic silicon. Quenching is eagashed in warm water at ~65 °C.
Aging using T6 temper is carried out at 150° to I55or times ranging from 2 to 5 h to
obtain highest mechanical properties as shown heT2-4 while T7 aging (> 26a for at

least 3 h) is employed for stabilizing the propstat a higher temperature. The strength
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obtained for Al-Si—Cu—Mg alloys after heat treattisnmuch higher than that for Al-Si-
Cu alloys, where the addition of Mg provides anréase in yield strength from 337 to

415MPa for peak ageing at 150 °C, but the elongatecreases to less than 1% [1] .

In addition to good corrosion resistance and goedhanical properties, this alloy
has good casting characteristics such as excellesistance to hot cracking and
solidification shrinkage, as well as excellent ptgs tightness and fluidity. These
characteristics make B319.1 alloy is suitable fogiee block manufacturing.

Table2-4 Typical mechanical properties of cast testsbafralloy 319.0.[16]

Sand cast Permanent mold cast
Property
As Cast T6 As cast T6
Tensile strength, MP& 185 250 235 280
Yield Strength, MPa® 125 165 130 185
Elongation, % 2 2 2.5 3
Hardness, HE’ 70 80 85 95
Shear strength. MPa 150 200 165 185
Fatigue Strength, MPd& 70 75 O
Compact Yield Strength,
MPa 130 170 130 | -

(a) In 50 mm or 2 in. (b) 500kg load; 10mm bat), &t 5* 1§ cycles; R. R. Moore type test.

2.2.3 Microstructure of Al-Si-Cu alloys (B319.1)

Al-Si-Cu alloys such as B319.1 contain Si and Cuhesmain alloying elements
and maybe small additions of Mg, and to some exiergurity elements such as Fe, Mn,
Ni, and Cr. During solidification of B319.1 allothe main sequence of phase precipitation
occurs as follows: the primanyAl dendrite network forms first at ~608°C, followég the
main Al-Si eutectic reaction at ~563°C, and the fation of CuAb at about 550°C; with

Mg,Si and other complex phases precipitating fromrémeaining liquid towards the end of
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solidification. An example of these phases is shawrFigure 2-1. The development

sequence that occurs during solidification is tisie Table 2-5, while describes the

characteristics of the phases formed. Dependingheralloying content of the alloy and

solidification rate, formation of brittle intermdlia phases such asAl;s (Mn, Fe}Si, and

IB-AisFeSi takes place. Finally, solidification ends withe AI-Si eutectic reaction

accompanied by the formation of eutectic Si pagtichnd precipitation of eutectic phase

and eutectic CuAlphase [22]

Aluminum Matrix

AIZCu
Intermetallic

Eutectic
Silicon

Al (Fe,Mn),Si, [§
Intermetallic T

ot

50 pm

Figure 2-1Typical microstructural features observed inl®3ype aluminum alloy [23]

Commercial Al-Si foundry alloys normally containat 50 to 90% vol. Al-Si

eutectic and the remaining phases @ dendrites, Fe bearing intermetallics suchBas

Al5FeSi ando-Al;s(Fe,MnkSi;, eutectic and blocky ACu and some Mg bearing phases

such as AMMgsCw.Sis and MgSi [23]. During solidification of the AI-Si alloysilicon
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phase form in the shape of acicular shape whichatdessastating effect on the mechanical

properties of the alloy.

In 1920, Pacz [24] discovered that Al-Si alloys tamming 5 to 15% Si could be
treated with an alkali fluoride (sodium fluorid®) ‘todify’ the morphology of the silicon
phase from its harmful acicular lamellar shape nmaler rod shaped particle clusters
(partially modified) or a fine fibrous structureulffy modified) that improved the ductility
and machinability of the alloy. Thereafter, thedstwf modification was investigated by
several researchers, earlier studies dealing maitly the use of Na as the modifying
agent [24] [25]. The use of strontium as a bett@r@ative was reported by Hess and
Blackmun [26] in the 1970’s, following which numeinvestigations were carried out to
examine the effect of Sr as a modifier of Al-Siogi with respect to improving the alloy
properties as well as the increase in porosity @ata with its addition. While several
elements are known to cause eutectic Si modifioater is the modifier of choice in
current foundry operations. In addition to suchnolval modification, modification may
also be obtained through heat treatment, where ehiectic Si particles undergo
fragmentation, dissolution and spheroidization migirthe solution treatment stage. The
morphology of unmodified, partially modified andlfumodified Al-Si eutectic is shown in

Figure 2-2.
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Figure 2-20ptical micrograph showing Al-Si eutectic morjagy: (a) unmodified, (b) fully
modified, (c) partially modified [25]

A significant decrease in melting point and eutet#mperature of Al-Si-Cu alloys
due to the addition of copper which cause notice@plhancement on the heat treatability
of aluminium alloys. Copper phases can solidifywo different forms: blockyAlCu and
eutectic AJ)Cu. The eutectic ACu morphology is characterized as an alternatingeliar
structure consisting of ACu anda-Al, while the blocky A}Cu form appears as large
particles (20-4(m) embedded in the-Al matrix. Depending on the alloying element and
cooling rate, the evolution of one form may be f&ebover the other. High solidification
rates promote the formation of the eutectigQA phase, while Sr modification increases

the fraction of the blocky ACu phase [27] [28] [29], see Figure 2-3.
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Figure 2-3 Eutectic AICu and (b) blocky ACu[29]
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Table2-5 Reactions observed during solidification obglB19 [30]

Reaction No. Reactions Temspl:egr]gteu Srt;((joc)
1 Development of dendritic network 609
2a Lig. --->Al + Al 15sMn3Si, 590
2b Lig.---> Al +AlsFeSi+ AlsMn3Si; 590
3 Lig.---> Al + Si+ AlsFeSi 575
4 Lig.---> Al +CuAl,+ Si+ AlsFeSi 525
5 Lig.---> Al + CuAl, + Si + AkEMgsCw,Sis 507
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Table2-6 Phases observed by optical microscopy/SEM/ED{loy A319

phase a -Al* Si* CuAl * Al 5FeSi* Ali5Mn38i2 Al 5MQgCUZSi6
Pink Brown
Char. Dendrite Gray , Needle Chinese Brown bulk
particle script

* Confirmed by X-Ray Diffraction (XRD)

The mechanism of ACu precipitation in modified 319 alloys is represeh
schematically by the model depicted in Figure 2+Hich illustrates the different stages of
solidification where the formation of thealuminum dendrite network is associated with
segregation of Si and Cu in the liquid. As the temafure approaches the AI-Si eutectic
temperature, rounded/fibrous Si particles predjteeading to a local concentration of Cu
in the remaining areas.

Magnesium (Mg) is commonly added in the B319.1yallehich has an impact on
both the mechanical properties and the final mgtracture. Accelerating the dissolution
and precipitation kinetics during heat treatmeatompanied by increasing strength are the
main effects of Mg addition on mechanical propertevel. As for the microstructure, low
Mg additions lead to the formation of the quateynatsMgsCw,Sis intermetallic phase,
which forms in the interdendritic regions togetlvaith small globular MgSi particles
clustered with the eutectic Si phase [31]. Acaogdito Sameul et al. [30], the
AlsMgsCuw,Sis intermetallic phaséorms at the end of solidification where it growst drom

Al,Cu. Finally, Mg addition also promotes the formataf Al,Cu [31] [32].
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Figure 2-4 Schematic diagram demonstrating different sod@ation stages of modified 319
alloy (a) formation ofa -Al dendritic network, (b) formation of eutectsi, (c)
precipitation of both blocky and eutectic,@u, SDAS-15 um and (d) dominance of blocky
Al,Cu [28] .

2.2.3.11ron intermetallicsin Al-Si-Cu alloys

Control of iron content is mandatory in most aluamm production as iron forms
brittle and hard insoluble intermetallics detrirento the mechanical properties. The
presence of Iron as an impurity stems from the bawand steel equipment used during
production and from remelted scrap castings. Thetr@mmon iron intermetallics phases
observed in casting alloys are monoclinic/orthorbanfi-AlFeSi and hexagonai-AlFeSi,
and [33]. Iron intermetallics have a negative dffea the ductility and tensile strength of

aluminum alloys [2], particularly at low coolingte normally observed in sand mold
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casting. At low cooling rate, the platelet-shafiedlFeSi phase is formed which has a
relatively low bond strength with the matrix. Thiatglets, which appear as needles in a
cross-section, act as stress raisers and facititateking [23] [33] [34]. They also increase
porosity by blocking feeding of liquid metal in @mtdendritic regions during solidification.
Compositions such as #eSi and AJFe;Si, have been reported for this phase [35]. Higher

cooling rates tend to reduce the average sizeeskth

The a-iron phase, with its Chinese script morphologyhibits an irregular, curved
growth, conforming to the shape of the spaces leivtbea-Al dendrites. It has several
forms such asi-Al1Fe;Sip, o-AlsFesSip, a-AlgFeSi and a-Alis(Fe,Mn)Si;, where the
latter phase is another form of thdron phase, known as sludge that is observeden th
form of star-like or polygonal particles [35]. Thephase is considered less detrimental to
the mechanical properties than fphase because of its more compact morphology that
reduces the stress concentration at the partictexnaterface, which improves the

mechanical properties of the 319.

Iron may also be added deliberately as an alloglgment for enhancement of
specific properties such as improving the high-terafure strength of Al-Cu-Ni alloys and
improving corrosion resistance at elevated tempegain Al-Fe-Ni alloys, despite its
negative effect on the strength and ductility afrainum alloys. A higher amount of iron
may be permitted (above 0.8%) in permanent moldpedsure die-cast alloys because of
the higher cooling rates obtained with these cgspirocesses compared to sand molds

leading to the formation of finer iron intermetalfparticles. Another reason for increasing
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the iron content in permanent mold and pressurecaté alloys is to prevent sticking

between the metal and the mold [35].

Several studies have introduced techniques in @mpt to neutralize the
deleterious effect of th@-AlFeSi iron Intermetallics using suitable neutzalis such as Mn,
Cr, Be, Co, Mo, Ni, V, W, Cu, Sr, or the rare eatbments [35] [36] [37]. The addition of
these elements suppresses the formation d¥-#i€&eSi, and promotes that of theAlFeSi
phase instead, in Chinese script, polyhedral ot shape [38]. Figure 2-5 illustrates the
change in morphology of the iron phase using Mraageutralizer. Other factors which
influence the extent of morphology modification ngsineutralizers are the cooling rate,

heat treatment, initial Si and Fe content, androtfmments.
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Figure 2-5 Morphology of a-Ak(Fe, Mn}Sk, particles (a) 0.2% Fe, (b) 0.2% Fe-0.07%
Mn, (c) 0.2% Fe-0.13% Mn, and (d) 0.2%Fe-0.2% M%][3

2.2.4 Heat Treatment

A heat treatment process comprises a set of heatidgcooling operations that are
performed for the purposes of changing the mechhamcoperties, the metallurgical
structure, or the residual stress state of a nmtaduct. Strengthening of aluminum is
achieved during heat treatment through precipmatitardening [39]. Precipitation
hardening is one of the major methods used to exehtre mechanical properties of heat-
treatable Al-Si alloys. The main objectives of ppéation hardening heat treatment can be

summarized as follows [24]:
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* Increase strength and produce the particular meécddamproperties that are
associated with specific final tempers,

» Stabilize mechanical or physical properties oistaace to corrosion, and avoid
changes that would otherwise occur with time atmadror elevated temperatures,

» Ensure dimensional stability during service, pataidy for parts that operate at
elevated temperatures and require close dimensoomiol.

* Relieve residual stresses induced by differentiefonation or non-uniform

cooling resulting from casting, quenching, weldorgorging operations

The basic requirement for an alloy to be amenabbkge-hardening is a decrease in
the solid solubility of one or more of the alloyirelements present with decreasing
temperature. Three basic operations are carriedvbah heat treating aluminum castings:

solution heat treatment, quenching, and aging.

B319.1 alloys are heat treated using either T6otréatments. When full strength
is required, the T6 treatment is desired. Thisttneat involves solution heat treatment,
quenching, and precipitation hardening througtfieigl aging (150-188C). When the aim
of the treatment is to improve corrosion resistannd/or to increase the stability and
performance at elevated temperatures, the T7 iZatiodn treatment is applied. The T7
treatment involves the same steps as the T6 tredtrarcept that the artificial aging is

carried out at higher temperatures (200-23(19].
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2.2.4.1 Solution Treatment

The first stage in a heat treatment process idisalireatment, where the alloy is
heated to a suitable temperature and held at émapdrature long enough to allow the
constituents, mainly hardening solutes such as €lMg, to become supersaturated in
solid solution in the aluminum matrix, followed loyienching (cooling) the alloy rapidly

enough to avoid precipitation of the excess solute.

Figure 2-6 illustrates the required solubility-jgenature relationship needed in
precipitation strengthening accompanied with threpgerature ranges required for solution
treatment and subsequent precipitate hardeningeraluminum-copper system. To start
the solution treatment process, the alloy - whltomposed of and small amounts of
second phasé-Al,Cu is heated at a temperature higher than the sdkmperature to
produce a single homogeneous solid solutipallowing dissolution of the second pha&se
and eliminating the segregation in the alloy [1heTsolution treatment temperature is
considered an important factor that determinesfi&@ properties of the alloy, where
higher solution treatment temperatures lead to tgrealissolution of chemical

heterogeneities and result in a more homogenizadtste.

In the case of Al-Si-Cu-Mg alloys, the purpose bé tsolution heat treatment
process is to [29] dissolve soluble phases comg@inCu and Mg formed during
solidification, homogenize the alloy, and spherzédihe eutectic Si particles [29]. The
main objective for an effective solution treatmpricess for Al-Si-Cu alloys is to modify
the AI-Si eutectic morphology and dissolve the@\l particles which appear either in

blocky or eutectic form as mentioned previously.eTimodification of the eutectic Si
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morphology has been observed to occur in the fatigwsequence during solution heat
treatment (SHT): (1) necking of acicular Si padg;l (2) fragmentation of Si particles, (3)
spheroidization of fragments, and (4) coarseningpiferical Si particles. This process is
highly dependent on the solution temperature aedathount of modification that occurs
during casting At high solution temperatures, the diffusion ratege high which aid in

morphological modification rates.

It has been found that the dissolution mechanisnedibectic A}JCu takes place by
fragmentation into smaller segments that sphereidand finally dissolve by radial
diffusion of Cu into the surrounding matrix, asigitrated in Figure 2-7. On the other hand,
the ALCu blocky form dissolves only by spherodizationhwito fragmentation of the
particles which is considered a harder processlisolution [1] [40]. The dissolution of
Al,Cu is a time-consuming process as the operatidirestly dependant on solution heat
treatment temperature and the shape of th€W[41]. In addition to thenorphology of the
secondary phases)loy chemistry, specifically the Cu and Mg concatibns, secondary
dendrite arm spacing (SDAS) are the other factbed influence the final amount of

dissolution.

To reach the full extent of SHT process and in prdeachieve the full aging
potential of the alloy, it is important that Mg-a@ii-containing phases dissolve through
solution treatment. Copper and magnesium compo(indal,Cu andp-Mg,Si) are easy to
dissolve while Q-AICu,MgsSis is hardetto dissolve. on the other hand, iron intermetallics
particles are hard to dissolve where phases sudhAsFeSi platelets undergo gradual

dissolution at very high solution temperature fomeg, while phases such as
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Ali5(Fe,Mn}Si; (Chinese script) phase is not affected through gblkeition treatment

process [41].

In order to achieve best dissolution of, @l for SHT, it is highly recommended
that the process is carried out at a temperataréhe range of 480-500 on the process
temperature while avoiding incipient melting of pep intermetallics phases for alloys with
low amounts of Mg (Mg <0.5%Pn the other hand, dissolution of,8u phase was found
to be effective when carried out at 52Cfor B319.1 with higher amounts of Mg [[42].
Increasing solution temperature can raise the ofsincipient melting of AICu phases
which results in shrinkage cavities, thereby caysittistortion of the casting and

substantially reduced mechanical properties [40] [43].

After completion of the solution treatment stagel &anorder to limit the diffusion
process of the atoms toward potential sites ofeaimn, quenching is applied rapidly. This
process leads to the formation of super saturabéid solution (SSSS) which is a non-
equilibrium phase. Finally, to stabilize this ufddéastructure, aging starts where the atoms

of Cu diffuse to several sites of nucleation ame forecipitates are formed [1].

The standard T6 treatment specifies that the swlublieat treatment should be
carried out at approximately 500°C and maintaired}f12 hours depending on the casting
method. Shorter periods of time are recommendegdamanent mold castings and longer
times for sand castings. Several studies have taeied out with the intent of optimizing
solution treatment process during precipitatioerggthening of B319.1 alloy. Samuel et al.
[41] [44] stated that the best solution treatmentB319.1 was at 495°C for 8 hours where

optimum dissolution of CuAlis observed. They also reported that theCAl phase is
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observed in two forms, the blocky form and fineteetic form where the latter is more
likely pronounced in the alloy structure. This phagas found to start fragmentation and
dissolution at 480°C, the process being accelérat@igher temperatures [41] [43].

Figure 2-8 shows a schematic diagram by Samual. ¢44], which illustrates the
change in strength (yield or ultimate tensile ggtbh for the 319 Al alloy (Mg content <
0.3wt%) as a function of solutionizing temperatuRegion | corresponds to the change in
tensile properties due to the onset of dissolutdnAl,Cu. Region Il represents the
recommended solution treatment temperature ranggioR Il represents a continuation of
region Il until peak properties are attained, whicticates the start of incipient melting,

while Region IV corresponds directly to the advaot@éncipient melting with the increase

in solution temperature [44].

800 |-
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Cu, Wt. %

Figure 2-6 Aluminum-cooper phase diagram rich in aluminglmwing the solutionization
and precipitation process [1].
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Figure 2-7 Dissolution process of (a) eutectic@li and (b) blocky ACu particles [29]
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2.2.4.2 Quenching

This stage is largely dependent on the degreepsrsaturation and on the diffusion
rate of the constituents. Quenching must be peddrms soon as solution treatment is
completed in order to suppress precipitation anthtaia the super saturated solid solution
developed from the solution treatment and produdegh number of vacancies. If not,
precipitation will occur at grain boundaries whiefil reduce the yield stress after aging.
Quenching should be carried out as fast as postibkevoid nucleation and growth of
precipitates. For most Al-Si casting alloys pret@ifgs form rapidly due to a high level of

supersaturation and a high diffusion rate of cogpel magnesium ie-matrix [45].

In the quenching, the balance between fast quegchimd the minimization of
residual stresses and distortion which occur vast uenching is required. The quenching
must be initiated within the 45 seconds after fimg the solution treatment stage [46].
Any delay in the quenching will result in a tempgara drop and rapid formation of coarse
precipitates in a critical temperature range atcWwhthe effects of precipitation are
ineffective for hardening purposes which are higidpendent on the quench sensitivity of

the alloy.

Generally, wrought alloys are quenched in cold watdile cast alloys are
quenched in hot water between’65and 88C or poly alkaline glycol or forced air [46].
After the quenching stage of the T6 treatment, nlegt stage is aging during which

precipitation hardening of the alloy takes place.
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2.2.4.3 Aging

The aging step is the final stage of precipitati@rdening strengthening where
diffusion of solute atoms takes place at severaleation sites to stabilize the developed
super saturated solid solution (SSSS) phase. Stremigg of the structure starts at this
stage when dispersed second phase particles aeeatgth where they act as obstacles to
dislocations. The degree of hardening depends envtttume fraction and size of the
particles and the interaction of these particlethwdislocations [1]. Depending on the
temperature used there are two types of aging @ ioom temperature (natural aging)

and one at an elevated temperature in the ranig0sf240C (artificial aging).

Al-Si—Cu alloys harden slowly at room temperatittigher temperatures are used
to accelerate the aging process so artificial agsngreferred for such alloys. In aging
treatment of Al-Cu, the sequence of precipitatiérth® second phasg is illustrated in
Table 2-7. First, Guinier-Preston or GP zones fagnwo-dimensional discs, about 3 to 5
nm in diameter. As aging progresses, these zorasase in number and are ultimately
replaced by th®' phase. Subsequently, a transition phéls®rms and coexists with"
where they are coherent to semi coherent phasbghétaluminum matrix and resulting in
hardening of Al-Cu alloys. Finally transformatioh semi coherené” phase to the non-

coherent equilibrium pha$e(Al,Cu) [19].

The same sequence occurs when aging Al-Si-Cu-Mgéwtral hardening phases
formed such a8' (Al2Cu), namel\g" (Mg2Si), S' (Ab)CuMg), and the quaternary phase Q-
AIMgSiCu [47]. These phases are formed by the amditof both Cu and Mg as alloying

elements with Al-Si alloy. Precipitation of theg#sase depends on the Mg:Si ratio, copper
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concentration, and aging temperature [46]. Thesddiads allow for a good combination of
mechanical properties through precipitatiordof3" and S’[48]. Alloy 319 belongs to the
family of Al-Si-Cu, with minor additions of Mg tacrease the response to heat treatment
through the precipitation of the abovementionedspha

Table2-7 Precipitation-hardening system of Al-Cu all¢y8]

SSSS¢ —> G.Pzones—> ¢ 2 0
Disk-Like Disk-Like Al2Cu
Coherent Semi- Equilibrium
Coherent Incoherent

Many investigations have been made to study thecefff alloying elements and
their role in enhancing the mechanical propertie®®19.1 alloy. It was found that the
mechanical properties of cast components are lardgelpendent on the shape and
distribution of Si particles in the matrix. Optimuensile, impact and fatigue properties are
obtained with small, spherical and evenly distidaliSi particles which can be achieved
through the addition of strontium [49]. The Sr dubsh converts or ‘modifies’ the large
brittle eutectic silicon flakes in the as-cast noadified alloy to a fibrous form. The
fibrous morphology is much easier to fragment gpltesoidize during solution treatment,
so that the mechanical properties may be enhansied shorter solution treatment times
[1]. Silicon also imparts heat treating ability tbe casting through the formation of

compounds with Mg [50].

Increasing the level of Cu improves the strengtthefaluminum alloy through the
formation of Cu based precipitate such agCAl during heat treatment. Mg as an alloying
element leads to the precipitation of g which results in a pronounced improvement in

strength properties of Al-Si alloys. Thus, addigonf Mg, Si, and Cu increase the
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mechanical strength sacrificing some of the B3Hldy ductility. Usually, small amounts
of Mn and Cr have been used in order to modifyrtherostructure and thus improve the

ductility of the alloys [51].

2.2.4.4 Strengthening mechanism of precipitation hardening treatment

Hindrance of dislocation movement is the main cdosestrengthening aluminum
alloys using heat treatment. The strength is detextnby the size and distribution of the
precipitates and by the coherency of the precgstatith the matrix and their interaction
with dislocation movement. Some mechanisms haven bedroduced, involving
interactions of the precipitated particles withlatsitions such as Orowan looping and
particle shearing. If the particle is big and hafdowan mechanism suggests that
dislocations will bypass the particle either bygdow or cross-slip and the particle will
remain unchanged as illustrated in Figure 2-9.s€hmechanisms are greatly dependent on
the coherency of the particle with the matrix alnel inter-particle spacing. If, however, the
strength and size of the particles are such thatmbhximum resistance force is attained,

then the shearing mechanism will prevail, as shmwfigure 2-10 [1] [2].
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Figure 2-9 Precipitation hardening strengthening mechanidislocation release at higher
stresses may occur by Orowan looping or by crogsf2]
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Figure 2-10 Particle shearing mechanism [2]
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2.3 Residual stresses

2.3.1 Residual stresses classification

Residual stress is generally referred to as anrnatestress, which exists in
equilibrium in a component in the absence of anyemmal forces or constraints,
temperature gradients, or any other external inflee [52]. Residual stresses as shown in
Figure 2-11 can be classified into two groups etiog to their origin: The first one is
macroscopic residual stresses which correspontiaadsidual stresses originating from
heat treatment, machining, and mechanical proogssivhile the second group is
microscopic residual stresses which are often maigi from lattice defects such as
vacancies, dislocation pile-ups and thermal exparhsontraction mismatch between

phases and constituents, or from phase transfaynsafi2] [52].

Residual Stresses Foramtion

Material Material Processing
(microscopic residual (macroscopic residual
stresses ) stresses)
multi phase casting, shaping,
system, machining, heat
Inclusions treatment, welding

Figure 2-11 Origin of residual stress formation

The most common classification for residual stresseepresented in Figure 2-12.

The classification is based on effect range ofrésédual stresses, where the residual stress
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is classified to Typé, Type Il, or Type lll. Typd corresponds to the macrostresses. This
type represents residual stresses that develdgeibddy of a component on a scale larger
than the grain size of the material. Type Il reprgés microstresses which affect only a few
grains such as what happens in phase transforrsaflgipe Il represents residual stresses
that exist within a grain, essentially as a resilthe presence of dislocations and other

crystalline defects [3].

* * Macrostresses Microstresses
’ - ‘ ‘ G
Peening Stresses Thermal Stresses
-] .
@ 9L
-~ >
Co]d Hole Expans|on Stresses Plastic Incompatablility Stresses
== || 0O || Y 7
T e
Bending Stresses Transformation Stresses
|
g U F Ets -
Weldina Stresses Interaranular Stresses

Figure 2-12 Examples of different types of residual maand micro-residual stress and
the resulting stress pattern [1].

2.3.2 Sources of residual stresses

Plastic deformation, thermal stresses, phase tyamation, multi-phase materials,
and welding are the main sources for residual stesn any component [1] [3] [53].
Residual stresses are an accidental result or@dduct of processing conditions such as

welding, forging, extrusion, casting (particuladjter heat treatment). Millions of dollars
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have been spent by Boeing Corporation to handlaligtertion of aluminum 7050-T7452
encountered during machining due to the presenceesiiual stresses [52]. Residual
stresses can affect the material integrity irrespeof how the part is obtained, whether

through casting, or forging, or other means.

The main source of residual stress developmenthisnwa component undergoes
non-uniform plastic deformation. The first souroe $uch deformation is mechanical. Most
shafts or rods are machined by turning, a prodestsaften induces tensile residual stresses
near the surface. For example, after unloading, smgcimen undergoing bending will
experience residual tensile stresses from the arfselow and residual compressive

stresses on the top surface.

Another major source for residual stresses is dubdrmal gradient. Non-uniform
heating or cooling such as in quenching can leadetere thermal gradients and the
development of large internal stresses. For nofetmi heating or cooling, the different
regions of the material expand or contract by difig amounts, which is dependent on the

temperature at each specific region of the componen

A mechanism was introduced by Lados et al. [52¢Xplain the origin of residual
stresses inside a casting during cooling. Accortiintipe mechanism, shown in Figure 2-13
the casting specimen will show distortion resultirgm compressive stresses at the outer
layer and tensile stresses at the core of thengpiR]. During quenching, high significant
residual stresses are generated and distortionom@yr if these stresses exceed the yield

stress [3].



41

=
+ =

=

- T
- I =
| - -

- t__"'__ E
uter =

Layer#{ E
S

Figure 2-13 Final stage residual stresses [52]

The progress of this mechanism is representedarfFigure 2-14 and takes place
through three different stages. The first stagesstaith cooling of a large hot ingot. The
temperature difference between the edges and cehtdre ingot results in significant
contraction of the cold edges, leading to straisfinbetween the cold edges and the hot
center and thereby producing residual stressesrin@the second stage, the hot center of
the ingot has lower yield strength compared todble edges, so that plastic deformation
will occur in the center to relax some of the coegsive stresses induced from Stage one.
After cooling of the center, the total contractianthe center will be greater than at the

edges, resulting in tensile residual stresseseatéhter and compression residual stresses at

the edges [2].

Due to the strain mismatch related to the diffeesinccontraction between cool and
hot parts of the casting during the quenching meceesidual stresses arise, leading to
large distortions especially in thin sections, msdating expensive hand finish [2]. During

machining, distortions may occur by the developmentl rearrangement of residual
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stresses. Finally, the residual stresses can shdaigue life of a component. To

summarize, residual stresses in any cast compaeaantesult from the following [3]:

» Temperature gradient within the casting
* Hindrance to contraction by the mold; and

* Phase transformation during cooling

- IR — 4

Figure 2-14 Residual stresses inside a casting ingot [2]

The magnitude of residual stress depends on tlesssstrain behavior and the
degree of the temperature gradient attained duhi@giuenching operation, which produces
strain mismatch. It is found that the magnitude tbé residual stresses is directly
proportional to the yield stress and young's moduld). Furthermore, the stress-strain
behavior at elevated temperature is an importactofain determining the amount of
residual stresses [2]. Certain physical propertéso increase the amount of strain
mismatch (residual stresses) such as low thermaduwsidivity (k), high specific heat (c),

high coefficient of thermal expansios) @nd high densitypo] [2].
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2.3.3 Methods of stress relief

Residual stresses are often regarded as undesamatblbarmful. Prolonging service
life of any product can be achieved if such harmfdidual stresses are eliminated or
reduced. Several methods have been introduceddar ¢ reduce these residual stresses.
Annealing is one of these methods which involvgsosing the material to very slow rates
of cooling and heating with the aim of relievingresses without altering the
microstructure. If the temperature is too high thecrystallization might happen, leading
to change in properties such as the yield stresshwinay not be desirabl&he residual
stresses relaxation by annealing occurs by one@fmiain mechanisms. The first is plasticity
caused by reduced yield strength at an elevategeiture where instantaneous relief of stress
occurs as the temperature is increased. The sauestianism is a creep based mechanism,

which allows stress relief to occur over time [34] .

By changing the nature of residual stresses frormtud to useful residual stresses
is the second method of stress relieving which Ive® placing the surface in residual in-
plane compression. This technique can be achiewedhot peening, laser peening,
burnishing and fretting. The last method is catleel pre-stretching or shake down method
which involves putting the component under vibnadibstresses below the elastic limit or

introducing local plastic deformation[1].

Lados et al. [52] suggested an uphill quenchinghogtin order to minimize the
residual stresses in Al-Si—-Mg cast components. fddknique is frequently employed in
aluminum parts that have critical tolerances amdsaibject to heat treatment and/or heavy

machine cutting operations [52]. The uphill quenghiechnique involves a rapid raise in
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temperature from a low quenching temperature toghen one followed by sub-zero

guenching (Figur-15). The resulting residual stresses are of ampaature compared to

the old residual stresses. This will balance thigalrresidual stresses originating from the

initial quenching,

of this techniqu

guenching [52].

and result in lowering the oJkrasidual stresses produced [52]. The use
e results in significant reduction residual stresses produced during

This concept of an "uphill quentia@s been used in aluminum alloys to

reduce quenching stresses by as much as 80 % peratures low enough to prevent

softening [2].
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Figure 2-15 Uphill quenching heat treatment processes [52]
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Several techniques have been introduced to redwecarhount of residual stresses.
One of these techniques is controlling the cootatg throughout the casting by quenching
in boiling water but this method can lead to som&slin mechanical properties. Spray
quenching is another technique for maintaining higbchanical properties with less
residual stresses but this method requires a coatpll control system or the use of uphill
qguenching. Yet another technique is that of usimecgl quenchants which leads to high

mechanical properties with lower residual stresses.

2.3.4 Consequences of residual stresses

Any existing residual stresses are considered atielstresses and are kept under
static equilibrium. Elastic limit is the maximumIua that can be reached by any residual
stresses. Any stresses higher than the value stielanit with no opposing forces will be
relieved by plastic deformation until it reache® thalue of the yield stress [2]. It is
believed that compressive residual stresses ar@ fgodatigue life, crack propagation and
stress corrosion of materials whereas tensile watidtresses reduce their performance
capacity because the residual stress is superim@sa@ mean stress with dynamic stress

[1] [13].

As mentioned before, residual stresses results arpimg and distortion during
machining. During machining, some of the residii@sses relaxed during removal of the
material, causing deviation from the static equilim inside the component. This unstable
state leads to redistribution of the residual sieesand distortion of the part to construct a

new equilibrium condition [2].
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Residual stresses are often the most difficult fedigt and least expected. It can

strongly affect fatigue life, distortion, dimensairstability, corrosion resistance, and brittle

fracture. Residual stresses lead to failure throdiffierent mechanisms starting from the

microstructural scale to the structure integrigelf [1]. Different failure mechanisms are

initiated through residual stresses where it carepeesented as follows [1]:

Plastic failure: when the stress exceeds the yield criterion aveubdomain of the
component.

Fracture: where it occurs due to fast crack propagationctvhnitiates from a
microscopic defect or flaw.

Fatigue and thermal fatigue: any fatigue failure involves two mechanisms: the
crack nucleation and crack propagation. Also, taigan be classified into two
groups, that is low cycle fatigue and high cyclegize. Residual stresses have no
effect on the low cycle fatigue of materials as tafsthese stresses will be relaxed
during first cycles of testing [1]. While residuglesses have a significant effect on
shortening the fatigue life of high cycle fatigueaterial. The total fatigue life
depends on the presence of the residuals stresses.

Creep: it is the inelastic deformation under the effe€ta load supported by the
material over long periods at an elevated tempegafthe growth of cavities at grain
boundaries is the dominant creep failure mechani®&esidual stresses can assist the

creep failure.
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e Stress corrosion cracking: residual stresses can contribute to the stres®sion
cracking mechanism but peening methods which dpvetmtrolled compressive

stresses on the surface show an increase in stbgesion cracking resistance.

Despite the fact that occurrence can affect thebiity of structures, the
residual stresses are often not considered inipahcomputations. Most of the time,
residual stresses are one of the forgotten arethe idesigning of machine parts. Studies
have proven that the presence of residual stressesldments lead to drastic reduction
in fatigue strength. Also, their presence redutesfatigue life of high cycle fatigue
materials. Currently, residual stresses are takém account during the design and

manufacturing of product [55].

2.3.5 Residual stress measurement techniques

Residual stresses can be quantified by many tegcbgsiqThere are mechanical
technigues such as sectioning, hole-drilling, ctumeameasurements, and crack compliance
methods. These techniques correlate the measusetliaé stresses in components to the
distortion. Diffraction techniques cover electraffrdction, X-ray diffraction, and neutron
diffraction, which quantify the residual stresseg Imeasuring the elastic strains in
components. Other techniques, including magnetat @trasonic techniques, and piezo
spectroscopy are also used to measure the resitlasses developed [12]. The mechanical
technigues are considered destructive tests whédeothers are non-destructive tests but
their accuracy is dependent on the microstructuaalation and geometric complexity of

the component structure [12].



48

The development of residual stress induces anieldstormation of the material,
and this deformation is proportional to the strésgeloped. Residual stress measurements
techniques are thus based on a deformation measntewhich is utilized to calculate the

residual stress.

2.3.5.1 Mechanical techniques

Residual stresses cannot be quantified directlycant be calculated through the
measuring of another property [56]. Measuring thacmscopic strains by removing
material from a part loaded with residual stressdbe basis of any mechanical technique

used to quantify the residual stress.

The calculation of residual stresses by any mechannethod is through the
measurement of the relaxed strains after releasiagocked-in residual strains [2]. The
relationship between the residual stressg¢$n(any component and the variation in cooling

rate is governed by the following equations [3]:

e E=oc/g¢g,
e g¢=AL/L=a AT,

e o=qoEAT.

where E,o, ¢, o, and AT are Young’'s Modulus, Stress, Strain, Coefficiemnt
thermal expansion and temperature Difference réisede Different rates of cooling,
section thickness, and material strength are then rparameters that can affect the

magnitude of residual stress in engineering compisn&ich as castings [3] [57].
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The sectioning methodis a complete destructive test and can be coreidére
first proposed method in measuring the residuassts which involves sectioning of the
component with a strain gauge attached [1]. Intie$hod, strain gauges are placed on the
surface of the component which register the strelsf that results from the removal of
material through cutting. The cutting is done tewee complete relaxation of the specimen.
For more precision in measuring the residual stgsthe hole drilling technique was

invented which uses a three-strain gauge rosdtte [1

The hole drilling technique is one of the most widely used techriqte
measuring residual stresses and is considered ssma&destructive technique. It is
relatively simple, inexpensive, quick, accurate aerdsatile, and can be both laboratory-
based and portable. The test method has beenastiwetl in the ASTM Standard Test

Methods under the name of E-837.

This semi-destructive technique determines thesstie at the surface of a sample
through the incremental introduction of a smalllsivahole with a diameter of 2-4mm and
depth of the same size, to relax the stressesairldbation. Residual stresses are obtained
by analytical or numerical analysis by correlatihg magnitudes and directions of released
strains measured by the strain gauge rosette, diorenof the hole and material properties.
After relaxation, the resultant strains are measw®ng a strain gauge rosette after each
depth increment and the biaxial stress field is1tbalculated using established equations

such as those listed in Equ.1.

This technique involves installing a three-leg iBredement strain gauge rosette on

the desired part, then forming a hole using prenisnilling guide after zero balancing the



50

strain gauge Figure 2-16. The strain gauges areemted to a computer in order to record
the measured relaxed strains corresponding to eébmlual stresses [58]. Introducing
incremental center hole drilling, which involvesiging out the drilling in a series of small

steps, enables stress profile maps for furtheryarsabn the variation of residual stress with

depth

e3+¢el — /(g3 +¢e1)2+ (€3 + €1 — 2£2)2
1+v).a b ) eq.1

Omax) O min = —

(

E
2

Where:€1,2,3 measured strain relieved from strain gage dnd 3, respectively, a,
b = strain gauge calibration coefficients, in MHA&e introduction of the hole is a very
sensitive step as it may introduce additional remlidstresses to the surfacerillihg
techniquesonsidered suitable for hole drilling include aliwaget machining, high-speed
drilling (up to 400,000 rpm) with an air turbinencalower speed drilling with modified end

mills or carbide drills.

Several considerations should be taken into acceinein using the hole drilling
technique. Firstly, the material should be isottopnd the elastic parameters should be
known. Secondly, the analyzed material should behmable and the hole depth should
not exceed half of the hole diameter. Furthermtweal yielding may occur due to the
introduction of the hole and to avoid this, the med magnitude of the measured residual
stress should not exceed 60-70% of the local ystldss [54] [55], to insure no plastic
deformation is introduced through the use of arathigh speed drilling (up to ~ 400,000

rpm) machine [59]. While some uncertainties maytesent due to inaccuracies in drilling
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the hole, surface roughness, flatness, and specpreparation, nevertheless, the hole
drilling technique still provides reasonably acdardata regarding the sign and magnitude

of the residual stresses.

Figure 2-16 Hole drilling principle [60]

The ring core method is a developed technique of hole-drillingtmod but less
common than the hole-drilling method due to compyexf the test and being more
destructive. The principal behind ring core metimthe same as hole drilling method but
instead of drilling a hole through the middle afagt gage rosette, a notch with an internal
diameter of 15 to 150 mm is milled around the resBtgure 2-17 [1] [60] [61]. The ring-
core method is a mechanical technique used to duahe principal residual stresses
within a specified depth of material [62]. As irethole drilling method, a strain gauge is
connected to a computer to record the changeamstrith the variation of hole depth [62].

This method is less sensitive to errors involvegasitioning of the cutting tool relative to
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the strain gage and accurate results can be obtiom it due to complete relaxation of

the strains at the surface [60] [62].

Lambda Technologies have demonstrated the effessseof the ring core method
by the agreement of the residual stress resultsirsat with those derived from X-ray
methods in forging and weldments samples [62]. U$e of the ring method has several
advantages in various aspects of the test likehdegansitivity, and measurability of the
residual stresses. despite its enhanced accurawpared to hole drilling technique, ring
core method is less likely used due to need ofrateng calibration coefficients which is
dependent on type of strain gauge, type of majegedmetry and depth of the milled core
[60]. Unlike hole-drilling technique, ring core neaement process takes a long time, and

the test is not standardized.
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Figure 2-17 Ring core method [60]
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Wyatt and Berry investigated the measurement ofréisedual stresses associated
with machining in AA 6061-T6511 aluminum alloy byewkloping a new low-cost
technique [63], which enabled mapping the distidrubf residual strains over a wide area
by following the change in spacing of a grid ofdrass indents placed on the component,
after stress relieving. The changes in the spaocinghe indents may be negative or

positive, depending on the sense of the residuegs{(tension or compression) [63].

2.3.5.2 Strain gauges and Wheatstone bridges

Mechanical residual stresses are largely deperatetiie strain gauge used as it is
the device that measures the deformation causedesigual stresses. Based on the
application, several types of strain gauges arel gseh as uniaxial, biaxial and triaxle
strain gauges. Triaxle strain gauge is also calisétte, see Figure 2-18, which is mainly
used for the purpose of measuring residual streSéesn gauges measure the deformation

of the material through the changes encounteréd glectrical resistance.

Thestrain measurements involve quantities in the schirillistrains which induce
very small changes in the resistance of the sgaurge. Therefore, accurate measurement
of electrical resistance is required for accuratasare of strains. To fulfill this aim, a
Wheatstone bridge is used for magnifying the strg@tuge electrical resistance. The
Wheatstone bridge is an electrical circuit compgsifour resistances and a voltage
excitation source (M), as shown in Figure 2-19. When all resistancesgual, the voltage
output (\,) will be zero and the bridge is said to be baldn@ay change in resistance in
any arm of the bridge will result in a non-zeroputvoltage, according to the formula; V

=Vex (R1R3-R2Ry) / (R+R;1)(R3 +R4) The output voltage (Y is characteristic of the
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deformation. Each gauge of the rosette needs tmdbeded in a Wheatstone bridge. As
mentioned before, the strains expected from tlensgjauges are very small and cannot be
measured with sufficient accuracy using conventiomdustrial equipment. A specialized
data acquisition system was therefore built wherehestrain gauge was connected to a

Wheatstone bridge circuit with three control gajges.

Figure 2-18 Typical strain gauge roseate [59].
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Figure 2-19 (a) Operating principle of strain gauges (l)apter Wheatstone bridge [59]

2.3.5.3 Diffraction techniques

X-Ray diffraction is considered a non-destructive testing methodlé&ermining
the residual stresses in the material, and is basdte linear elasticity produced from the
residual stresses calculated from the strain irctigstal lattice. This technique depends on
considering interatomic spacing as a gauge lengthnfeasuring the strain raised from
residual stresses. However, not only surface streém be measured by XRD but also this
technique is limited to characterizing the residstadsses in coarse grain materials such as

castings and weldments [2].

In X-ray diffraction and neutron diffraction, theayw used to measure residual
stresses is by measuring the residual latticensttatribution [56]. Atoms are arranged
regularly through a three-dimensional periodicidattin a perfect crystalline material.
When the X-ray or moving neutron beam incidences &ertain angle that meets the
condition expressed in Equation 2, the intensitésscattered waves sum up into a

constructive interference and the diffraction patiean be observed.
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niA = 2dp,sin 0 equation 2

where d is the spacing between the planes in thmiatlattice, n is an integek, is the
wavelength of the X-rays or moving neutrons, anslthe angle between the incident X-ray

or moving neutrons and the scattering planes[1].

This technique is based on Bragg’s law which catesd the lattice spacingygdfor
the (hkl) plane to the incident wave lengi &énd the diffraction angl®). The presence of
residual stresses will cause an increase or dexiedabe lattice spacing which appears as
angle shifts in the diffraction peak positions [2]. Electron, x-ray photon, and neutron
beams are the used techniques with suitable waythleno measure lattice spacing. The x-
ray technique is limited only to surface residutiésses due to fading of the beams at
narrow depths.

Neutron diffractions method is very similar to the X-ray diffraction ihselies on
elastic deformations within a polycrystalline makthat cause changes in the spacing of
the lattice planes from their stress-free conditjdh The advantage of the neutron

diffraction method in comparison with the X-ray te@ue is its lager penetration depth

[1].

The constructive beams will be available only wiBgagg'’s law is fulfilled. if the
grain size is big, fewer grains will be irradiatedd therefore there will be fewer suitably
oriented lattice planes fulfilling Bragg's Law. lthis case, local crystal defect such as

dislocations, vacancies, and stacking faults veélild to a local fluctuation of the lattice
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spacing, resulting in a peak broadening [1]. This meduce the accuracy of the X-ray and

neutron diffraction methods.

Table 2-8 lists the characteristics of varioushteégues while Figure 2-20
demonstrates the penetration depth of these diffetechniques. Although large
improvements have been made in the mechanical testerease their efficiency, the X-
ray diffraction test achieved wider application doe@dvantages such as easy handling, less
time consumption and being non-destructive [56uFe 2-20 demonstrates the range of

penetration that can be tested for residual stsassasurements using different methods.

Magnetic method and ultrasonic method other notrdets/e techniques which
have been developed to measure residual stressastlyeas these techniques are under
development. The range of application of these ousghs narrow and their accuracies are
relatively low. For these reasons, these methoglsar as popular as the hole-drilling and
neutron diffraction method and were not selectedrésidual stress measurements in the
present study.

Table2-8 Characteristics of technigues used to meaduainsto evaluate residual stresses

Techniques required data Surface condition Results

Young’s Modulus,

Sectioning, Hole Strains caused

. - . Poisson’s ratio, Suitable for strain .
Mechanical drilling, Ring . : o .~ .. | by releasing of
calibration coefficients| gauge application
core method ) stress.
functions
X-ray elastic constants, Bragg’s angle,
Diffraction X-Rays, neutrons lattice constants of Rouah surface strains in
method non-stressed materia 9 different

(do) directions
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Figure 2-20 Residual stresses measuring range and perwiratepth of the different
techniques Vs. minimal thickness of the sample tiested.

2.4 Engine block

Engine block as shown in Figure 2-21 is the largestal component in the engine
and is the most intricate. It holds and supportsottier engine components such as
cylinders and pistons and contains passages folamooThe engine block is where
combustion converts into mechanical energy thatedritransmission propelling the car.

Engine block used to be made of iron but today mbshem are made of aluminum alloy

for fuel efficiency.
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Coolant passage

Crankcase

Figure 2-21 Cast iron V-cylinder block (closed deck tyipe)uding a crankcase [65]

An engine block is the largest and most compleglsicomponent in the car engine
to which all other parts are attached. It represé&am 3 to 4% of the total weight of the
car. The block is typically arranged in a “V,” iné, or I-4 horizontally-opposed (also
referred to as flat) configuration and the numbiesydinders may range from 3 to as much

as 16 [21].

The main objectives that are needed to be achiéwedptimum endurance and
performance of engine blocks at prolonged servfeedf the vehicle are housing internal
moving parts and fluids, ease of service and maartee, and the capacity to withstand
pressures created by the combustion process [8] [[2brder for an engine block to meet

all of these functional requirements listed abotlee engineering material used to



60

manufacture the block must possess high strengtbgulas of elasticity, abrasion
resistance, and corrosion resistance. Additionguirements have to be taken into
consideration while selecting the material suclgy@sd machinability and castability of the
metal alloy, low density (for fuel saving purposdsw thermal expansion ( to minimize
the development of residual stresses during seryizgh thermal conductivity (to increase

engine performance) and finally good damping alismrharacteristics [8].

Cast iron engine blocks were once the most econoraterial for the production of
engine blocks. Recently, aluminum alloys have mgadacast iron for the sake of high
power cars and fuel efficiency. By 2003, 60% of #ers in Europe were made of
aluminum alloys [65]. Currently, the production ari engine block starts with casting of

aluminum followed by proper machining for enhanding surface quality.

Aluminum is a light and soft material with high theal conductivity when
compared to cast iron. The problem of being soflenadifficult to use as an engine block
material but through alloying and heat treatmerglaominum, the availability of obtaining
strengths compared to cast iron made it possitsl@lfoninum alloys to replace cast iron.
To overcome the lack of wear resistance probleims,implementation of liners were
introduced. Until now, due to its higher produdiyicast-in iron liners are the best option

for today’s passenger car engine blocks [8] [65].

The cylinder bore suffers from local wear duringergiion due to friction between
the wall and pistons, and that is why liners areipside the cylinders. Several designs of
cylinder bores, shown in Figure 2-22, were maderder to enhance the efficiency of the

engine block. From Figure 2-22, the monolithic iargis an engine with no liners, also
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called liner-less block [65]. This type is madeyoitbm one material such as early cast iron
blocks. Different casting techniques have beenleyep for manufacturing engine blocks
namely, sand casting, die casting and gravity mgstamong which sand casting is the
most widespread method. Casting, while liners argdsition, is the method commonly

used for introducing cast iron liners. This metl®edlso called composite casting [65].

Engine block
Heterogeneous Mono}ithic -
quasi-monolithic
With liner block (linerless)
|
Without liner
Dry liner
pressed-in,
Wet liner shrunk-in, slip-fit Cast-in liner

Surface modification

Figure 2-22 Bore designs in engine blocks [65]

After solidification; due to the difference in tineal expansion coefficients between
the cast iron liners and the aluminum engine blacknpressive stresses are generated in
the liners while tensile stresses are generatethenengine block which remains in the
block as residual stresses [65]. In order to engwod bonding between liner and block
surface, dimpling the surface of the cast ironrbnis carried out. In the casting process, it
was found that preheating the liners before pouwwag beneficial for maintaining the heat

transfer properties of the engine block.
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Distortion of the engine block is inevitable witime due to presence of residual
stresses. The cylinder liner thickness providesdgogidity of the structure while the
metallurgical integrity of the structure providesolpnged interlocking between engine
block and liners [65]. Although, increasing thecHriess increases the rigidity of the

structure, it also deteriorates the heat trangfgpgrties of the structure.

As mentioned before, casting is the main manufagumethod for engine blocks,
and includes sand casting, lost foam casting, ty&asting, and high and low pressure die
casting. A number of complications are encountehedng casting of aluminum engine
blocks including shrinkage and oxide entrapment].[@&everal techniques have been
introduced in order to produce a sound casting siscthe Cosworth process and the Core
package system. Table 2-9 summarizes the techesloged for engine block production

and their characteristics.

High pressure die-casting is another method useth® manufacturing of engine
blocks and is mainly used for large productions.isTmethod requires low mold
temperatures (around 2@) which lead to shorter solidification times anwguction of
the part with good mechanical properties. Surfaastf and dimensional accuracy are the

added benefits of this method [65].

Gravity die-casting is a technique where moltenainist poured under the force of
gravity like in sand casting. In this method, the temperature should be high enough in
order to ensure complete filling of the mold befeodidification. This method is preferred
when casting hypereutectic Al-Si alloys as it easugood distribution of the silicon

particles [65].
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Table2-9 Technologies used for engine block manufaauaimd their characteristics

Sand lost foam | high pressure | gravity Die
casting method die casting casting
Pressure (MPa) Gravity Gravity 100 Gravity
Dimensional accuracy low high high medium
Blow holes medium medium alot few
Quality tr-(l;gtkr]ne:r: ¢ possible possible impossible possible
Shrinkage few few alot few
defects
Cost medium medium low medium
. . above .
Productivity high medium high low

2.5 Residual stresses in Aluminum engine blocks

Fuel saving, emission control, and weight reductos the reasons that made the
development of aluminum alloys mandatory for théomobile industry. Cylinder blocks
are one of the main applications of aluminum allGdsSi alloys) in the industry not only
due to the reasons mentioned above, but also becatiseir high thermal conductivity and
good casting properties. For all these reasonsjinlum alloys have successfully replaced
the gray cast iron in cylinder head castings [6®&wever, the hypoeutectic aluminum
alloys have poor tribological properties; the némdhigh wear-resistant liners such as gray

cast iron was important to preserve vehicle engiroes failure [67].

Around 90% of the parts produced for the automoiivéustry belong to the
Aluminum-Silicon-Copper (Al-Si-Cu) or the 3xx.x $&s of alloys. Strength requirements

are met by precipitation hardening, which invoha&solution treatment, water quench,
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followed by aging treatment at an intermediate terajure. Copper is one of the principal
alloying elements for enhancing the alloy strengthroom and high temperatures, while
magnesium is another alloying element which is aksponsible for making the alloy

strong, hard, and responsive to heat treatment [68]

The maximum service temperature for Al-Si-Cu alloigs 260C. At higher
temperatures, the alloy suffers from loss of mem®rand fatigue properties [6] [69].
Further development of aluminum alloys to increas® maintain their mechanical
performance at higher temperatures is being coallyninvestigated. Alloys developed by
NASA, such as Al 354 and Al 388 alloys, have théeptal to meet these requirements,

reaching optimum service temperatures of G1F0].

Engine block manufacturers introduced several alumi alloys to meet engine
blocks requirements, namely 242 (T7 treated), IWteated) and 356 (T6 treated) alloys.
B319.1 engine blocks have complex structures whathrpom temperature, it consists of
soft and ductile primargi-aluminum phase and a hard and brittle eutecticosilphase,
secondary intermetallic phases strengthening ptatég following heat treatment, and

casting defects such as porosity [36] [71].

In recent years, diesel engines have been developedrease their efficiency and
reduce their weight. For further development, itingortant to understand the loading
mechanisms and damage accumulation especiallygattbmperatures which are directly
related to microstructural parameters such aseberglary dendrite arm spacing (SDAS),

porosity, and the morphology of the eutectic sii@nd second phase patrticles. All these
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parameters are very important with respect to beental fatigue and high-temperature

tensile properties.

In an attempt to enhance the high-temperature nméddaproperties, Jeong [72]
performed a series of experiments to study thecetiealloying elements such as Si, Cu,
Mn and Mg on the high-temperature characteristicshe A356.1 alloy. It was found the
addition of these alloying elements produced arfimerostructure, a concomitant increase
in the elastic modulus, hardness and tensile dfneagcompanied by a decrease in the
thermal expansion coefficient. The addition of @d to stabilizing the final properties up

to 250°C while Mg exhibited the same behavior iubaer temperatures (< 170°C) [72].

B319.1 alloy is the best choice for manufacturifigmgine blocks. To compensate
for lack of wear resistance of the aluminum, cash iliners are introduced in the engine
cylinders as shown in Figure 2-23. Many technighage been introduced to insert the
liners namely shrink in place, press-in and cast@thods. The latter technique is the one
most commonly used for large engine block producfi8]. The durability of automotive
engine parts can be increased by reinforcing tleeasiructure with changes in the process
and alloying elements, as was confirmed by Jeong @ldserved significant enhancement
in fatigue properties and microstructure with imsi@g Si, Mn and Cu concentrations in

the Al-Si-Mg-Cu cast alloy investigated [72].

Gray cast iron liners are added to Al319 alumindimyaengine blocks to enhance
the erosion resistance. This addition of liners esmwith the drawback that excessive
residual stresses are developed along the boriee alylinders, due to the large difference

in linear expansion coefficient and a non-uniforooling rate along the length of the



66

cylinder between the aluminum alloy and liners itasy in large variations in both
mechanical properties and microstructure [74]. €heariations may lead to permanent
distortion during service. In conclusion, enginedils suffer from the presence of residual
stresses due to differential cooling during proicess These residual stresses cause
distortion of critical features during machiningading to difficulty in maintaining the

dimensional tolerance [75].

Figure 2-23 lllustrative picture for Al alloy cylinder béé with cast-in iron liners

Distortion may either be a product of thermal gtovar the product of tensile
residual stresses that exceed the yield stresweointaterial. Thermal growth involves
changes in volume during phase transformation tiircheat treatment of the alloy. In this
context, it is found that the T7 treatment offdre best dimensional stability over T4 and
T6 as it produces (Al,Cu) which is a stable phase and has a lower spa@fume when

compared td® (Al .Cu), neglecting the effect of thermal growth distor [5]. Distortion
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occurs through the introduction of excessive redidiresses, in particular, when these

stresses exceed the yield stress of the matetial [5

For a standard casting cylinder block of dieselimmgdistortion and bending were
results of an uneven distribution of residual stess Through the manufacturing process of
engine block, residual stresses emerge specifiedilr heat treatment where the residual
stresses formed are in an equilibrium state. Dunraghining, this state of equilibrium
could be altered, leading to higher amount of defdion. This deformation would cause
the casting to be rejected (the machining procassiog lower accuracy in dimension and

less efficiency in performance) or in some casesl @s scrap [76].

Distortion of the cylinder bores results in a lasscompression of the air-fuel
mixture due to improper sealing between the cylindall and the piston. This loss of seal
causes a portion of the compressed air-fuel miximideak out of the combustion chamber
by a process known as “blow-by” [6] which reducke tngine efficiency. The level of
stress relief and distortion is dependent on tiseédval stress after quenching, the aging

temperature and the aging duration [74].

Several factors affect the amount of the residua¢sses inside a casting
component, namely superheat, mold hardness, msidrdand modifiers. All these factors
were investigated by Sadrossadat [3]. From theltsgstiwas concluded that as superheat
increases, the residual stresses increase dueetmamuniformity of heat distribution.
Residual stresses were also found to increase drgdsing the mold hardness due to

excessive contraction hindrance from the mold. dddition of modifiers such as Sr had a
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side effect in increasing the amount of residuaéssies despite the enhancement in

mechanical properties [3] which contradicts thelifigs of Haque et al [77].

The presence of protective liners in the combustbamber with high wear
resistance properties such gray cast iron is mangafi7r8]. However, despite the
importance of these liners, their presence canecdage residual stresses due to the
significant difference in thermal expansion coeéiit between the Al alloy and the gray
cast iron. The residual stresses develop maingr afblution heat treatment of the engine
block. This elastic strain results in residual s$e=s within the material if the contraction is
constrained [78] [79]. Also, cast iron liners rasim variations in cooling rates during
solidification which may lead to non-uniform mictagture and mechanical properties.
That can further result in certain sections of ¢lggnder becoming prone to dimensional

distortion when the engine blocks are exposedraceconditions [78].

Residual stress relief was assessed from top torbatlong the V-6 cylinder bridge by
Lombardi [74] [78], using ex-situ neutron difframti. His findings showed that there is an
increase in cooling rates as one proceeds deepay tie cylinder bridgelhis was attributed
to the mold design as the bottom region was neés evhich provided higher cooling rates
than the top region which was is near to the ngeich requires slow solidification [40]

[78] [80] [81].

Lombardi et al. [4] also found that residual stessalong hoop, radial, and axial
directions were tensile along the cylinder bridgethe TSR condition with average
constant magnitudes of 180, 100, and 160 MPa, c&spl in the aluminum inter-bore

region [78]. These amounts of residual stressek heil higher than YS (195 MPa) of
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B319.1 alloy when accompanied with service stressdsich may lead to plastic

deformation and distortion of the engine blockwhs also found that the variations in
microstructure across the length of the engine lblled to the conclusion that lower
strength sections (large grain structure) are npooge to stress relief and distortion than

higher strength part (fine grain structure) [78].

Quenching is considered as the main step in théugwo of residual stresses.
Lombardi et al. [5] studied the variation in mishaucture, mechanical properties and
residual stresses for two different V-6 engine képavhere the engine blocks went through
the same manufacturing parameters except for quemcate. The quenching rates for the
two engine blocks were 1.67 and 0.67 K/s, respelstifp]. It was found that there were no
significant changes in microstructure or mechanpralperties of the blocks, and all the
difference was in the residual stress amounts. Qfinthe engines blocks, which was
quenched at a low quenching rate, showed certamuats of distortion, unlike the other
engine block. The distorted block exhibited higbels of tensile residual stresses while the
undistorted block showed low levels of compressesdual stresses.

Wiesner et al. studied the residual strains/steeBsa series of heat-treated engine
blocks using X-ray and neutron diffraction. Thewrid that the surface hoop stresses show
compressive residual stresses decreasing towardstzess with increasing heat treatment
while the radial stresses show a tendency towantieasing tension stresses [75]. Also, it
is observed that the residual stresses changedté&osile to slightly tensile or compressive
with increasing solution treatment temperatures].[his gives reason to believe that

precipitation of phases (e.g., Cu, Mg) during hesatment may also play a role in stress
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development and subsequent engine block distorifibis conclusion was confirmed by
Lombardi et al. [78] by correlating heat treatmgarameters with the microstructure,
mechanical properties and residual stresses prdduBanealing, aging, and plastic
deformation are the main ways to eliminate thedigsi stresses inside a casting [82].
Carrera et al. conducted a series of experimeetdk tto measure the residual
stresses using strain gauges attached to diffeaemdmotive engine blocks. They
discovered the development of tensile stresseshitian 150MPa when the engine block
contained the cast iron liners, while the enginecké without cast iron liners exhibited
20MPa compressive stresses in the cylinder briflge Furthermore, it has been observed
that the residual stresses are affected by therdiime of the block and the wall thickness
of the cylinder bridge where residual stresseseadsa as the thickness increases. it was
also found that V-8 engine blocks develop highesidwal stresses than I-4 blocks with
equivalent walls thickness [82]. These observatimasch the results for residual stresses

obtained from the finite element model made by tsal.74].

A study was made by Godlewski et.al [83] to idgntife effect of aging on residual
stresses in B319.1 casting. Firstly, the study ake that quenching in boiling water
produces lower residual stresses in castings. $§cdnhwas found that aging at 19D has
little effect on relaxation of the residual stressehile aging at 26XT for one hour reduced
the amount of residual stresses by half. The résluat residual stresses was correlated to
the reduction in yield stress at high temperatuneckvleads to relaxation and redistribution

of residual stresses in the casting.
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The parameter that is considered the main roleeweldping residual stresses is
quenching as thermal gradients can be large entmugitroduce high levels of residual
stresses. Several techniques were introduced tionmim the effect of residual stresses, one
being uphill quenching which was described in avimegs section; others include the
spraying technique, step quenching and using eéfftequenching media. These techniques
depend on the fact that reducing the cooling rawlts in a significant reduction in

residual stresses however it can also be detrithentie mechanical properties.

Dolan and Robinson [4] studied the effect of staperghing, illustrated in
Figure 2-24 on 7175-T73, 6061-T6 and 2017A-T4 yallon residual stresses. The
quenching proceeds in two steps, the first oneiregjfiast cooling to a temperature above
the critical temperature region followed by cooliilg water. The results illustrate a

significant reduction in residual stresses foryalwithout loss in mechanical properties.
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During the life time of the cylinder head, it isp@sed to high cycle fatigue (HCF)
due to millions of combustion cycles and to lowleyfatigue (LCF) resulting from thermal
expansion and contraction during engine start-up emgine stop up to ten times a day
[66]. Cyclic tensile stresses are subjected to lugtle fatigue (HCF) areas which are
located on the water jacket side of the flame deak. The key parameters for prolonging
high cycle fatigue are microstructure, porosity anuface quality; while the controlling
parameters for low cycle fatigue regions, locatexiiad the bridge area, subjected to high
temperatures and exposed to high cracking tendeareyproper composition and high-

temperature strength [66].

Residual stresses in cylinder blocks were founaatee a huge impact on shortening

the fatigue life of high cycle fatigue areas whikeeffect on the low cycle fatigue areas was
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insignificant. The reason for this is that is thesidual stresses in low cycle fatigue areas
tend to be relaxed during first cycles or by thel@mation of high plastic strains [1].
Residual stresses measured in cylinder heads niadl&iaOMg alloy quenched in water,

water-polymer and air were 105, 55 and 15 MPa.eesgely [66].

Other techniques have been introduced to incrées@dawer efficiency and lower
engine weight. Using hypereutectic Al-Si alloys @aveen used manufacturing engine
blocks instead of hypo-eutectic Al-Si allag they have higher wear resistance alloy. Newly
developed hypereutectic Al-Si alloys such as Alasil Mercosil are now used by several
automobile manufacturers such as Mercedes, AudscRe, BMW, Volvo, VW and Jaguar [8].
However, castability and machinability related peohs hinder this material from replacing the

hypo-eutectic Al-Si alloys.

Coating the cylinder block with wear-resistant enetls such as ceramics is a new
innovative technique for the replacing the cast ifner. Ford was the first company to use
thermal spray coating to coat a very hard weasstast layer of F€; inside the cylinder
bore with the aid of a special plasma gun. Thibrtetogy has been implemented in two car
models: the Ford Mustang Shelby GT500, and the 2088an GTR [8]. Service testing
was carried out to verify the properties of thertia spray coating, and it was found that
engines which used the thermal spray coating hedtgr wear resistance, accompanied
with a decrease in fuel consumption when compapecegular engines [8]. The major

drawback of this technique is the integrity of temd between the bore surface and liner.

The use of metal matrix composites (MMC) is a néeraative that may have the

solution for engine problems. Toyota has succdysintroduced an engine block that is
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made from a metal matrix composite (MMC) consistingilumina-silica fibers and mullite
particles in an aluminum matrix. Honda also chantesl cast iron liners with MMC
consisting of carbon fiber in an alumina {8k) matrix. These materials show better
performance over the traditional alloy in regardvieight, power, and wear resistance. This
technique is under development as several drawstfacke the implementation of MMC as
the main engine block. These drawbacks can be suzedas follows [8]:
* The reinforcement must be selected carefully bexaug is very hard, the ring
will suffer from erosion and loss of engine perfammoe will be observed.
* The reinforcement must be well distributed throughbe soft matrix to eliminate
erosion from occurring in softer areas, which caalkb lead to engine failure.
e The use of MMCs in producing engine blocks involv@scomplicated and

expensive casting process to get an acceptablei@rod
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Chapter 3
Experimental Procedures

3.1 Methodology

For the current study, this investigation will barreed out in two stages. Stage |
will comprise investigations carried out on speaisiavith simple geometry made from
B319.1 and A356.1 alloys for determining a cortelatbetween residual stresses and
microstructure resulting from the use of differecdsting parameters. Stage 1l will
concentrate on investigating the evolution of realdstresses in samples with intricate
geometries, as for example, in the bridge areandftiaengine block, subjected to different

heat treatments.
3.2 Stage | procedures

3.2.1 Materials and Casting Procedures

The chemical composition of the 356 base alloy dddeand 319 base alloys coded
E is shown in Table 3-1. They were cut into smigtieces, dried and melted in a 120-kg
capacity SiC crucible, using an electrical resisgafurnace, as shown in Figure 3-1. The
melting temperature was maintained at 750 + 5°GhBd#loys melts were grain refined and
modified using Al-%5 Ti- 1% B and Al- 10%Sr mas#dioys, respectively, to obtain levels
of 0.25% Ti and 200 ppm Sr in the melt. Finallye thelts were degassed fat5-20 min
with a rotary graphite impeller rotating aL30 rpm, using pure dry argon, as shown in
Figure 3-2. Following this, the melt was carefuslyimmed to remove oxide layers from

the surface.



Table3-1 Chemical composition of B319.1 and A356.1 alloy
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Flementl osi | %Cu | %Fe | %Mn | %Mg | %Sr | %Ti | %Al
B319.1 | 7.4 3 04 | 02| 026 005 026 bal
A356.1| 66 | <1 | 01 | 00 | 036| 0034 025  bal

The melt was poured into different molds for vasquurposes, namely (a) ASTM

B-108 permanent mold, for preparing the tensileé btess; (b) an L-shaped rectangular

graphite-coated metallic mold; and (c) a block gliagraphite-coated metallic molds. All

molds were preheated to 450°C to drive out moisaum@ avoid cold shut of the blocks.

Regarding ASTM B-108 mold, each casting provides test bars, with a gauge length of

70 mm and a cross-sectional diameter of 12.7 mmshesvn in Figure 3-3. Three

samplings for chemical analysis were also takeruksaneously at the time of the casting;

this was done at the beginning, in the middle, ahdhe end of the casting process to

ascertain the exact chemical composition of eaddy.al




Figure 3-2 Graphite degassing impeller
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(b)

% 0mm — T

12.7 mm {19.3 mm

i

200 mm

Figure 3-3 Tensile test bars (a) ASTM B-108 permanent msédl for casting tensile test
bars (b) Dimensions of the tensile test bar
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The L-shaped mold and block castings were mainlgdufor residual stress
measurements and for preparing samples for micicisiial examination. The two molds,
shown Figure 3-4, were selected to provide twdedkht cooling rates. The molds were
preheated to 25C. Samples were prepared for the measurement oSS grain size in
both alloys. Bars as shown in Figure 3-5 werefimrm both molds with the dimensions of

200*40*40mm for measuring of residual stressesgifiie sectioning method.
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(b)

Figure 3-4 Permanent molds: (a) Block mold (b) L-shap@ttim

Figure 3-5 Schematic figure of residual stress measuresanple



3.2.2 Heat Treatment
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All the samples, tensile test bars and residuakses bars were heat treated. Both

alloys, B319.1 and A356.1 alloys were subjectethéosame heat treatment sequence listed

in Table 3-2 with the exception that the solutioeat treatment (SHT) of B319.1 was

carried out at 50C for 8 hours while that of A356.1 alloy was cadrigut at 548C for the

same time period.

Table3-2 Heat treatment cycles for B319.1 and A356.dyall

No. code Heat treatment

1 E/M As cast

2 SHA SHT + air quench

3 SHW SHT + warm water quench

4 SHC SHT + cold water quench

5 T6 A 10 T6 SHT (air) +Aging (170°C/10hrs)

6 T6 W 10 T6 SHT (warm) +Aging (170°C/10hrs)
7 T6 C 10 T6 SHT (cold) +Aging (170°C/10hrs)
8 T6 A 50 T6 SHT (air) +Aging (170°C/50hrs)
9 T6 W 50 T6 SHT (warm) +Aging (170°C/50hrs)
10 T6 C 50 T6 SHT (cold) +Aging (170°C/50hrs)
11 T6 A 100 T6 SHT (air) +Aging (170°C/100hrs)
12 T6 W 100 T6 SHT (warm) +Aging (170°C/100hrs)
13 T6 C 100 T6 SHT (cold) +Aging (170°C/100hrs)
14 T7 A 10 T7 SHT (air) +Aging (250°C/10hrs)
15 T7 W 10 T7 SHT (warm) +Aging (250°C/10hrs)
16 T7 C 10 T7 SHT (cold) +Aging (250°C/10hrs)
17 T7 A50 T7 SHT (air) +Aging (250°C/50hrs)
18 T7 W 50 T7 SHT (warm) +Aging (250°C/50hrs)
19 T7 C50 T7 SHT (cold) +Aging (250°C/50hrs)
20 T7 A 100 T7 SHT (air) +Aging (250°C/100hrs)
21 T7 W 100 T7 SHT (warm) +Aging (250°C/100hrs)
22 T7 C 100 T7 SHT (cold) +Aging (250°C/100hrs)
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3.2.3 Tensile Testing at Room Temperature

All tensile test samples whether as-cast, solutieai-treated or aged, were tested to
the point of fracture using an MTS Servo hydrauatiechanical testing machine, illustrated
in Figure3-6, at a strain rate of 4 x 1&™. The deformation in the samples was measured
using an extensometer. Yield strength (YS) at Odtfet strain, ultimate tensile strength
(UTS), and percent elongation (%El), were obtaifnech the data acquisition system of the
machine. Five samples were tested from each condibvered in Stage |, were tested, for

a total of 21 conditions/110 bars per alloy.

Figure 3-6 Servo hydraulic MTS mechanical testing machine
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3.2.4 Measurement of Cooling Rate

In order to evaluate the cooling rate for each mib@ L-shaped casting, Block
casting and the residual stress bar are heate®A€4Then a high sensitivity Type-K
thermocouple, which has to be insulated using @lkelioled ceramic tube, is attached to
the center of the castings. The temperature-timia dacollected using a high speed data

acquisition system linked to a computer. From tfata, the cooling curves are obtained.

3.2.5 Metallography and Microstructural Characterization

Different techniques were used in order to reacltomplete qualitative and
guantitative analysis of the microstructural cdostits and features, including
intermetallic phases, hardening precipitates inrBB£9.1 and A356.1 alloys.

Samples were sectioned in the as-cast conditioa,fam the block casting and
another one from the L-casting, for metallograpkixamination. The samples were
mounted in bakelite, ground, and polished to a fimesh, using standard polishing
procedures. The microstructures were examined usingOlympus PMG3 optical
microscope linked to a Clemex Vision P optical mmggope and image-analysis system.
The set-up is shown in Figure 3-7.

The selected samples were firstly mounted in btkelvas using a Struers
LaboPress-3 machine, followed by the grinding amnalishing sequence using a
TegraForce-5 machine. The grinding stage were padd using a silicon carbide (SiC)
abrasive papers starting followed by 120 grit, 8d@ 320 grit, 400 grit, 800 grit and 1200
grit sizes.

The polishing stage was carried out in three stapsig a sequence of diamond

suspension with a particle size ofi, as the first step followed by further polishimgjng
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a suspension containing a smaller diamond pasizke of 1um. The lubricant used for this
polishing stage is a Struers DP-lubricant. Thelfgtage of polishing was carried out using
a Mastermet colloidal silica suspension, Si@aving a particle size of 0.pm. After

completing the polishing stage, the samples wexdyréor optical examination.

Figure 3-7 Optical microscope-Clemex image analyzer system

The polished as-cast samples were used for segodeadrite arm spacing (SDAS)
and grain size measurements. For grain size measutse, the polished samples were
etched for 15 seconds, using a solution contai@img HF (48%) + 3 ml HCI (conc.) + 5
ml HNO3 (conc.) and 190 ml distilled water. Theiploéd surface was swabbed with the
etching solution until the contrast in the graingsvhigh enough. To better highlight the
grain structure, filtered lights at different inert angles were used; a combination of red,
green, blue and yellow light gave an enhanced aento the grain structure.

The intermetallics and precipitate formed in the583 and B319.1 alloys were

examined using scanning electron microscopy (SEM)feeld emission scanning electron
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microscopy (FESEM). The aim of using electron nscapy, in this case, was to identify
the different intermetallics formed after castingldo examine the density and distribution

of the hardening precipitates formed under varioestment parameters/aging conditions.

3.2.6 Measurement of Residual Stresses

The technique proposed for measuring residual sssem this stage is sectioning
technique. The procedure followed for the succéssfmpletion of this method was to
measure the strains present in the alloys befodeafter cutting, by using strain gauges.
Installing strain gauges requires careful surfaceparation to ensure good adhesion
between the strain gauge and the specimen surfabe. surface is firstly degreased to
eliminate any surface contamination followed bynding the surface of the specimen
using sand paper starting with 240 grit and goiog/ird to 600 grit size standard papers.
The resistance of the gauge at the mentioned peast measured with the aid of a
Wheatstone bridge. The specimens were then c@le¢age the stresses making it possible
to measure the residual strain.

Residual stresses in aluminum blocks were evaluasaty sectioning technique.
Residual stresses were measured at different rezdtrtent stages for B319.1 and A356.1.
Residual stress measurements using the sectiathgitjue are carried out in four stages:

% Block surface preparationt develop a chemically clean and neutral surfadl i
texture suitable for strain gage bonding. It alssates a lot of fine scratches which
enhance the bonding between the surface and tie gauge.

* The block surface of the alloy is machined, anch thieraded manually using

a SiC paper grit size 120, 320 and 600.
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After grinding, the surface is cleaned with a soltof phosphoric acid and
neutralized with ammonia using cotton swabs.

Finally, the place where the strain gauge willtalled is marked.

%+ Strain gage installation

Removing strain gauges from its cover using tweezer

Place strain gauge (bonding side down) on a chdiyickean and neutral

plastic plate surface.

Using cellophane tape strain gauges are transptotédte center of engine
block bridges at the locations marked made in tiegipus step.

One end of the tape is lifted and the strain gagalaced bonding side up.
The catalyst and glue are added to the strain gahnege after a few minutes,
the tape is removed.

Wiring the strain gauges using a soldering iron siher (96%) solder for

strain measurement.

% . Strain measurement:It is important to mention that all strain measueats are

performed at the same ambient temperature (23°@grdab conditions

After installing strain gauges at each bridge, ittigal strain measurement
(eo) Is carried out using a Wheatstone bridge, spesndtware and data
acquisition equipment National Instruments with Q%820 universal strain

gage input module.

To protect strain gauges during sectioning, tharstyages are covered with

tape.
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e Cutting is performed using a band saw machine imtioaly and
horizontally.
» After sectioning, strain measurement reading obthiny) after each cut.
% Residual stress calculation:residual stress is calculated using the Hook’s law
equation, using the calculated strain values anghygs modulus of 70GPa.
6=E (g0—¢€1)

Figure 3-8 shows the test setup for measuringdsielual stresses measuring before
and after sectioning. Cutting was first done in tleetical cutting plane and the residual
stresses were measured. Then another cut was dahe ihorizontal plane and another
measurement of the residual stresses was takegt¢onune the effect of cutting direction
in relieving of the residual stresses. The cuttiivgctions are illustrated in Figure 3-9.

() (b

Figure 3-8 Strain gauge setup (a) obtaining initial strdig) before cuttihg (b) obtaining
final strain ¢r) after cutting
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Figure 3-9 Sketch lllustrating cutting directions

3.3 Stage llprocedures

The main objective in this stage is to determine thost suitable manufacturing
process that provides optimum mechanical performadogether with the lowest residual
stresses. In this stage, the investigation willubon the analysis of residual stresses
evolved in I-4 and V-6 engine blocks subjectediftecent of heat treatments. The I-4 and
V-6 engine blocks, an example of which is showrrigure 3-10 and Figure 3-11 , were
supplied by the Nemak Centre of Engineering in Word Canada. The cylinder area
suffers from high erosion during the operationtd engine. Grey cast iron liners are thus
used in order to improve the in-service wear rass. The liners used in these blocks
were preheated to 400°C using induction coils, rptto being inserted into the mold to

promote a more uniform microstructure.



Castiron
liners Aluminum

bridge

Figure 3-10 I-4 engine block

Figure 3-11 V-6 engine block
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3.3.1 Materials and Heat Treatment

The aluminum B319.1 alloy used in this researchiystis the most widely and
commercially used in the manufacture of engine lolihe to the stability of its mechanical
properties despite changes in impurity concentnatid he chemical composition for the 1-4
engine block is shown in Table 3-3. This alloykieown for its desirable characteristics
such as castability, corrosion resistance, andntalkeiconductivity. Copper at 3-4% is
considered relatively high to enable the alloydtain its strength at elevated temperatures
and facilitate machining [21].

The engine blocks used in this study were be mema 819 Al-Si-Cu alloy melts
subjected to grain refining and Sr-modificationatreents to enhance the microstructure
and, hence, the mechanical properties. The blodksbe subjected to different heat
treatment conditions starting with solution heaatment (SHT) at 500 for 8 hours, then
quenching in different media, followed by T6 and dging treatment using various times.
Quenching is considered as the main parameter éweldping residual stress. Two
quenching media, cold water, warm water and ailt,bei examined to study their effect on
residual stresses. With respect to aging, T6 agingrried out at 17C for 10, 50 and 100
hrs and at 250C for T7 treatment, using 10, 50, 100 hours agjimgs. This treatment will
be considered to examine the effect on evolutioresidual stresses. The T7 treatment is
used industrially in the production of engine bleck

The treatment used in the industry is called thésaad reclamation (TSR). This
technigue involves solution heat treatment (SHH) #&hen forced air cooling (50-100
°C/minute) and aging to a T7 temper. Table 3-@shthe actual process for engine block

manufacturing.
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Table3-3 Engine block alloy chemical composition

Alloy Element (wt %)

Si Cu Fe Mn Mg Sr Ti Al
B319.1

8.4 2.7 0.5 0.3 0.37, 0.02 0.14 bal

Table3-4 Heat treatment cycles used industrially foriaedglock production

Treatment Temperature (°C) Time (hr)
TSR 495 1
SHT 480 7.5

T7 temper 240 5.5

To facilitate the handling of the engine block e tfoundry, the 14 engine blocks
were cut in half as shown in Figure 3-12. Thiscpaure was carried out after validating
that there would be no change in results betweemtiole block (four cylinders) and half
the block (two cylinders). The proposed plan fus tstage is to study all the factors that
can affect the evolution of the residual stres$bgse factors are quenching rate, freezing,
aging temperature, aging time, and cutting. Aftex aipplication of, and with respect to,
each of these factors; residual stresses and hewdneasurements, and metallographic
analysis will be carried out. In order to show tlaiation in residual stresses for another
type of engine with different shape, V-6 engineckl will be examined to study the

residual stresses development in comparison witlergine blocks.
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Figure 3-12 Engine blocks (a) Four cylinders (before awgji(b) Two cylinders (after
cutting)

3.3.2 Metallographic Analysis

Selected samples were chosen to analyze the efféue heat treatment parameters
on the development of the microstructure. The sam@ps and equipment, as described in
stage |, were used for carrying out the microstnmadtanalysis. Quantitative measurements
of the eutectic Si particle characteristics, namakga, length, density and aspect ratio,
were carried out for as-received, solution headta@ (two-cylinder) and solution heat-
treated (four-cylinder) samples. For each samfitg,ffelds were examined over the entire
surface of the sample, by traversing it in a regalad systematic manner, and the Si

particle characteristics recorded for each field.

3.3.3 Hardness Measurements

In general, hardness refers to resistance to detovm Hardness has
conventionally been defined as the resistance ofaterial to permanent penetration by
another harder material with measurement being nadide the applied force has been
removed, such that elastic deformation is ignofaatrently, the indentation hardness test

is used in practically every metal working plantaasneans of checking the quality and
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uniformity of metals and metal parts. There areehiypes of tests used with accuracy by
the metals industry; they are the Brinell hardrtess the Rockwell hardness test, and the
Vickers hardness test.

The Brinell hardness method is widely used nowadayketermining the hardness
of metals. This universally accepted and standaddimdentation hardness test was
proposed by Brinell in 1900, and consists of intdena metal surface with a steel ball, 10
mm in diameter, at a load of 3000 kg mass.

For soft metals such as aluminum, the load is rediuoc 500 kg to avoid deep
impression, while for very hard metals a tungstembicle ball is used to minimize
distortion of the indenter. The load is applied &éostandard length of time, usually, 30
seconds, and the diameter of the indentation issured with a low-power microscope
after removal of the load.

The Brinell Hardness Number (BHN) may be obtaingddlviding the kilogram
load by the surface area of the indentation, inasgumillimetres, as represented in
Figure 3-13 (a) where BHN is the Brinell hardneamber, F is the imposed load in Kgf, D
is the diameter of the spherical indenter in mng dnis the diameter of the resulting
indenter-impression in mm, as shown in Figure @&)JL3The load is applied for a standard
length of time, usually, 25-30 seconds and the diamof the indentation is measured
using a low-power microscope. The Brinell hardneslsies for each test block represent
the average of at least eight indentation readatgained along the length of the cylinder,

as shown in Figure 3-13 (b).
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Figure 3-13 (a) Schematic representation of Brinell tés);indentation marks

3.3.4 Measurement of Residual stresses

Residual stresses maybe quantified using diffetechniques, classified into
mechanical, diffraction, and other techniques. Timechanical techniques include
sectioning, hole-drilling, curvature measuremeatsj crack compliance methods. These
techniques correlate the measured residual strasse®mponents to the distortion.
Diffraction techniques, such as electron, X-rayd ameutron diffraction, quantify the
residual stresses by measuring the elastic stinirtke examined components. Finally,
other techniques, including magnetic, ultrasoniez@ spectroscopy are used to measure
the residual stresses developed [12]. The mecHaeianiques are considered destructive
tests while the others are non-destructive teststhmir accuracy is dependent on the

variation in microstructure and the geometric cawjtl of the component [12].
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In the current study, non-destructive techniquae sxrray and neutron diffraction
techniques will be excluded due to their inaccelisilsince the latter needs a nuclear
reactor, the availability of which is limited tociéities in national labs for the most part,
while x-ray diffraction provides results for suréaesidual stresses and requires a degree of
crystallinity in the material of the component kgiexamined. For these reasons, the
sectioning technique was adopted in the preseparels as it provides reliable and highly
accurate results, and is applicable for most metadsalloys, in addition to being a simple

and cost efficient technique.

3.3.4.1 Sectioning Method

The sectioning method is a complete destructiveaerd can be considered as the
first proposed method in measuring the residuatsses. It involves cutting of the
component with an electric strain gauge attachédddd relies on the measurement of
local strain (using strain gages)induced due tae¢lease of residual stress upon removal of
material from the specimen. The sectioning methasists in making a cut in order to
release the residual stresses that were presetiteonutting line. For this, the cutting
process used should not introduce plasticity ot,leathat the original residual stress can
be measured without the influence of plasticityeefé on the surface of the cutting planes
which can be achieved through wire cutting techaiq&igure 3-14 represents the sections

that were cut for measuring the residual stressade an engine block.
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Before Sectioning

After Sectioning

Figure 3-14 Measurement of residual stresses inside ergouk using sectioning

Residual stresses in the sectioned aluminum bloegse measured/calculated
following different heat treatment stages of theckl sections. Figure 3-15 shows the test
setup for measuring the residual stresses in aoseof a B319.1 engine block. These
measurements using the sectioning technique anedaut in four stages:

(i) Block surface preparation: This step involves developing a chemically clean a
neutral surface with a texture suitable for stigaiuge bonding. It also creates a lot of

fine scratches which enhances the bonding betweesurface and the strain gauge.

» The block surface of the alloy is machined, theradbd manually using SiC paper
of grit size 120, 320, 600 grits in consecutivesord

» After grinding, the surface is cleaned with a solutibptmsphoric acid and neutralized
with ammonia using cotton swabs.

* Finally, the place where the strain gauge will bstalled on the block surface is

marked.
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(i) Strain gage installation: The strain gauge is installed as follows

The strain gauge is removed from its packaginggusireezers.

It is placed (bonding side down) on a chemicallgacl and neutral plastic plate
surface.

Using cellophane tape, the strain gauge is tramsfeto the center of the engine
block bridge to the position mark made in the prasistep.

One end of the tape is lifted and the strain gagddaced bonding side up; catalyst
and glue are added to the strain gauge; thenaftay minutes the tape is removed.
The strain gauge is wiragsing a soldering iron and silver (96%) solderdtain

measurement.

(iif) _Strain_ measurement strain gauge is then connected to data acquisgfistem to take

readings before and after cutting. It is importEntnention that botlstrain measurements

are performed under the same lab conditions, atahee temperature (23°C).

After installing strain gages at each bridge, thiéal strain measurement,) is
carried out using a Wheatstone bridge, specialveoét and National Instruments
data acquisition equipment equipped with a SCXIALGBiversal strain gage input
module.

To protect the strain gauges during sectioningy #re covered with tape.

Cutting is performed using a band saw machine.

After sectioning, removing iron liners at the brdgreas are removed, and the final

strain measurement;j is made.
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(iv) Residual stress calculationThe residual stress is calculated using the HaokaWw

equation, using the calculated strain values avidumg’s modulus of 70 GPa.

c=-E (80—81)

Figure 3-15 Strain gauge measurement set up
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Chapter 4
Residual stresses development in Al-Si-Cu alloys

Section I: Effect of Casting Parameters on Developant of Tensile

Properties and Residual Stresses in Al-Si alloys

4.1 Introduction

This chapter presents the results on the influentevarious metallurgical
parameters on the tensile properties and the ewnlaif residual stresses in A356.1 and
B319.1 casting alloys. Measurements of mechanicgbgrties and residual stresses were
carried out in order to (a) study the interplaywssn residual stresses and mechanical
properties, and (b) examine the microstructurallgiean as a function of the different
casting parameters employed in the Al-Si-Mg (A3%&dd Al-Si-Mg-Cu (B319.1) alloys
investigated, and (c) analyze the relationship betw microstructure, mechanical

properties and residual stresses as a result dfiffieeent variables.

4.2 Microstructural Characterization

This section will discuss the characteristics & thicrostructures observed in the
B319.1 and A356.1 alloys, including the phases &mmthe secondary dendrite arm

spacing (SDAS), and the eutectic silicon partitiaracteristics.

4.2.1 Effect of cooling rate on grain size
The block and L-shaped molds used in this studyigea different solidification
rates; the schematic of the castings obtainedustiated in Figure 4-1. Figure 4-2 and

Figure 4-3 show the simulation for cooling rates the two different molds verified by
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experimental results. The results indicate thatlttshaped casting reach cooling rates of

15°C/min while the block casting exhibits a coolingeraf 7C/min.

(a) (b)

Figure 4-1 Schematic diagram of (a) Block Casting (b) bysdd casting

Results of secondary dendrite arm spacing (SDASsorements are provided in
Table4-1. It was found that the average SDAS for theclloasting is 60 um which is
reflected by the large grain size observed in Fdud (a, b). Due to the high solidification
rate obtained with the L-shaped casting, the awe®IQAS was found to b25um, as is
also confirmed by the small grain size noted inurég}-4 (c, d). The micro- and macro-
structures shown in Figu#e4 indicate the refining achieved during solicition with the

L-shaped mold compared to the block mold.
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Figure 4-2 Cooling rate simulation vs experimental restdtsblock casting
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Figure 4-4(a, c) Optical micrographs of B319.1 alloy for (alpck casting; (c) L-shaped
casting; (b, d) Macrographs showing grain sizebhlflock casting; (d) L-shaped casting.
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Table4-1 Results of dendrite arm spacing measurements

Block Casting (low cooling rate) L-shaped casting(high cooling rate)

SDAS (um) Std. SDAS (um) Std.
B319.1 56.5 17.3 30.15 8.08
A356.1 55.9 15.7 27.8 8.2

4.2.2 Analysis of Secondary phases

4.2.2.1 Analysisin the as cast condition

Mechanical properties of castings are notably eriked by the grain size and its
morphology, the secondary dendrite arm spacing (SDAnd the size and distribution of
secondary intermetallic phases [84]. For this reaan in-depth analysis of the secondary
intermetallic phases was carried out on the Al-$-§4356.1) and Al-Si-Cu-Mg (B319.1)
alloys. SEM analysis showed that the as-cast nicrctsire of Al-Si-Mg (A356.1) alloy
contains thex-Al dendritic phase, Al-Si eutectic, M8i intermetallics phases as displayed
in Figure 4-5. In Figure 4-6, the Al-Si-Cu-Mg (B3 1) alloy was found to contain Al-Si
eutectic, blocky AICu, plateletp-(AlsFeSi) and Chinese script-Als(Fe,Mn)}Si, iron
intermetallic phases, and small particles of thalgMgsCu.Sis intermetallic phases.

Cooling rate has significant impact on the finatrastructure of Al-alloys, notably
the silicon morphology, and size and distributidntlze intermetallic phases [11] [84].
Increasing the cooling rate enhances the distobutif the intermetallics and reduces the
size of the blocky AlCu phase, such as that observed in Figure 4-F-anote 4-6, which
is in good agreement with the findings of Li et[@7]. By cooling faster from the liquid,

the diffusion-controlled formation of strengthenipdases is limited, creating a more




107

saturated solid solution and finer distributionaoinstituent particles, which are easier to

dissolve during heat treatment [85] [86].

(@) (b)

ASPE

15kV X208 188 mm 18 58 BEC 15kU XZ.8868 18mm

A

/
LRL S

15kU -, X208 18fum 1B 56 BEC

X 4

McGill 3.0kV 8.7mm x3.00k YAGB

Figure 4-5 Backscattered electron images of as cast A3G6H) block mold casting. (c-d)
L-shaped mold casting
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Figure 4-6 Backscattered electron images of as cast B3#H) block mold casting. (c-d)
L-shaped mold casting.
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In Table 4-2, the results indicate that increashecooling rate reduced the volume
fraction of intermetallics to 5% compared to 8% eted in the low cooling rate sample. It
is also worth mentioning that the size of formeteimetallic phases was significantly
affected by the cooling rate, where the averagéiciarsize was 116 pfnfor the block
casting specimen obtained at low solidificatiorerafs reduced to 40 (frim the L-shaped
casting specimen. These consequences influenaatbeme of the solution heat treatment
process where an increased cooling rate leads tter dssolution of alloying elements
compared to low cooling rate samples. The variationthe volume fraction of
intermetallics at different cooling rates has bdenumented by Li et al. [27] who reported
that increased cooling rate reduced the volumetifnacof the ALCu phase in the
interdendritic regions which supports the findirng$he current work.

Tensile properties of B319.1.2 alloys at differsalidification rates were examined
by Samuel and Samuel [87]. Their results showetl tgathe SDAS increased from 28 to
95 um, the ultimate tensile strength (UTS) decrédseabout 20%, while the elongation
decreased by as much as 80%. However, the yigddgttr (YS) was observed to remain
constant regardless of solidification time.

Table4-2 Volume fraction results for A356.1 and B319.1

block mold casting L-shaped mold casting
B319.1 A356.1 B319.1 A356.1
% intermetallics average 75 0.82 4.2 0.85
vol. fraction ’ ’ ’ ’
intermetallic average 116.76 302 405 29 7
particle size in pnt ' ' ' :
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4.2.2.2 Analysisin the solution heat-treated condition

Depending on the alloy composition and temperatused for solution heat
treatment, phases formed during solidification haseown tendency for dissolution into
the matrix during heat treatment. The A356.1 oiSAMg alloy, can be solution treated at
a temperature ranging from 540°C to 550°C. At thimperature, the diffusion rate of Mg
into €4 Al is very high hence the dissolution of }8gphase occurs very fast. Rometsch et
al. [88] report that the solution treatment for 3B alloy with SDAS 40um at 530 for
an hour can completely dissolve and homogenizeallog thoroughly. Figure 4-7 shows

complete dissolution of M&i phase in samples of both both block and L-sltagéng.

(b)

Figure 4-7 Backscattered electron images of A356.1 afierti®n heat treatment (a) block
mold casting. (c) L-shaped mold casting

In contrast, the B319.1 alloy must be solution hesdted at a lower temperature to
avoid local melting of Cu-rich phases such agCAl and the Q-phase. As Cu has low
diffusivity in aluminum, it is recommended to profpthe solution heat treatment process
to at least 8 hours, to ensure a high and homogeoancentration of alloying elements in

solid solution [30] [86]. Figure 4-8 (a) shows amaplete dissolution of ACu and Q-phase
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in the B319.1 sample obtained from the block cas{ilow cooling rate), whereas the
sample shown in Figuré-8 (b), obtained from the L-shaped casting at lagbling rate,

reveals complete dissolution of these phases, dsasdragmentation of the iron bearing
phases. These observations concur with the findoig3j6lander et al. [89] who reported

that solution temperature and time are largely ddpet on the microstructure.

(b)

X508  S8Mm 18 58 BEC 15k 7 X588  SBum\,

Figure 4-8 Backscattered electron images of B319.1 allaywmdes after solution heat
treatment: (a) block mold casting. (c) L-shapedareasting

4.3 Mechanical Properties

Most of the mechanical properties of any casting iartially determined in the
solidification (as-cast condition), and may be ioy&d thereafter by subjecting the casting
to a suitable heat treatment process. By followihg evolution of the microstructure
during the process, the heat treatment conditicag Ime optimized [90].

In 3xx alloys, the main parameters that control mechanical properties are the

iron and copper intermetallics, the eutectic siigrarticle characteristics, the porosity size
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and distribution, and the supersaturation levelMgf and Cu in thea-Al matrix after
solution heat treatment. The addition of Cu andtM@\l-Si alloys can improve their room
temperature strength through the formation of,8Mgand AbCu precipitates. The tensile
properties of casting alloys are affected mainlytbgir microstructure, grain size, and
casting defects. The fact that the tensile propertiepend on several, often interrelated,
variables may explain the confusion which exislatieg to the properties of cast Al alloys.

All tensile testing was carried out at room tempee at a strain rate of 4x1@ ™,
using an Instron Universal Mechanical Testing maehivhere the testing was carried out
at room temperature for the as-cast, T6 and T7-theatied test bars of the two alloys.
Figure 4-9 and Figure 4-10 show the ultimate iterstrength (UTS) and yield strength
(YS), as well as the percentage elongation (%Bl)esobtained at room temperature for
the different conditions. The X-axis represents alley condition (as-cast, T6-treated for
aging times of 10 h, 50 h and 100 h and T7-trefiedging times of 10 h, 50 h and 100 h).
The primary Y-axis represents the strength vallesS(and YS), while the secondary Y-
axis represents the percentage elongation valanelok for each condition studied.

From Figure 4-9 and Figure 4-10, it will be olv&at that the strength values for the
as-cast alloy samples of A356.1 and B319.1 exHidi§ values of 229 and 319MPa,
respectively. The superior mechanical propertieB3i9.1 may be attributed to the type of
strengthening phases formed during solidificatibhe B319.1 alloy contains Al, Si and
Cu, and Mg and Fe, while the A356.1 alloy is mainbmposed of Al, Si and Mg as
strengthening element. The primary strengthenirgseb for the A356.1 alloy is the beta
phase, MgSi while the primary strengthening phases for BB196 phase are the ACu
and eutectic silicon, which are harder than stiegighg phases in A356.1. The alloying

elements that added to B319.1 enhanced its medigmioperties compared to A356.1.
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Figure 4-9 shows the mechanical properties of ABB#d its response to different aging
temperatures, while Figure 4-10 shows those 0f9BB1t is observed that yield and tensile
strength for B319.1 are generally higher by 60 48% respectively, compared to that of
A356.1.

The best combination of strength and ductility éeiaved from a rapid quenching,
such as quenching in cold water. This is the reagonquenching in cold water gives the
best mechanical properties. The fast cooling reselts in a higher vacancy concentration
enabling higher mobility of the elements in thenpary Al phase during ageing. On the
other hand, low cooling rates, as in air coolirg, éxample, have a detrimental effect on
the mechanical properties due to several factacdyding precipitation during quenching,
localized over-ageing, reduction in grain boundgren increased tendency for corrosion,
and a reduced response to ageing treatment [45jthier words, the reduction in tensile
properties of the sample is due to the reductiortanling rate, which will affect the
microstructures when the sample is quenched ierdifit quenching media.

In both alloys, T6 temper allows for increased rgjth where it develops more
stable mechanical properties with a correspondisg bf ductility. Aging at 170°C for 10
hours hardens the alloy, due to the formation oin@uPreston zones and coher®ht
Al,Cu particles. Overaging can be done either at tegiperatures or prolonged exposure
at an intermediate temperature, and results isithaltaneous formation of relatively large,
non-coherent’ Al,Cu plates which act as hard non-shearable obstéulésslocations.
Such non-shearable particles lead to lower UTSahilt high strain-hardening rate, due to
the accumulation of Orowan loops around the stherghg particles. As the strain is
increased, the buildup of primary shear loops geererintense stress fields around the

strengthening precipitates. In A356.1, overagiragtstto be noticeable at 170°C after 10
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hours while it takes 50 hours for overaging to limguished for B319.1 at the same
temperature. In conclusion, aging time and tempesatre crucial factors that have a
significant effect on the alloy strength.

The elongation values for A356.1 are at least twieeelongation values observed
for B319.1 alloy, which is a result of a minimum mmiber of voids/porosity and
modification in the developed microstructures byiding stress amplification factors
through transformation of the Si eutectic from arcalar to a lamellar structure. Another
reason for the high ductility of A356.1 is the highlume fraction of thex-Al present,
which is tougher, has a lower yield stress thanShparticles, and thus provides a way of
confining an advancing crack by application of thessical tip blunting mechanism.

Fractography is considered suitable for highligitthe various features observed
on the fracture surface of tensile-tested sam@asnples for fractographic examination
were selected from A356.1 and B319.1 alloys inateast, solution heat-treated, and aged
conditions (using samples aged at 170°C and 256f@G0 hours) considered as the main
conditions of interest for the analysis. FiguréXshows the fracture surface of the as-cast
of B319.1 alloy sample. This figure reveals thespreee of two main intermetallic phases,
namelya-Al15(Fe,Mn}Si, and 6-Al,Cu, as confirmed by the corresponding EDX spectra
shown in Figure 4-11(b) and Figure 4-11(c), resipely. Solution heat-treatment of this
alloy resulted in the dissolution of the,&lu phase as displayed in Figure 4-11(d).

A typical ductile fracture, which involves neckionfthe tensile test specimen and a
large number of medium to large sized fine dimple be seen in the B319.1 as-cast
sample (Figure 4-12(a)). These dimples are okal-dr cup-like depressions at the fracture
surface and are elongated in the direction of gpdied load [91]. The shape and size of the

dimples are determined by the size and distributbthe microstructural discontinuities
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[91]. Same observations were noticed for samplesl ag 250°C for 100 hours; as seen
from Figure 4-12(c). On the other hand, after ggah 170°C for 100 hours, the fracture
surface revealed characteristics of a mixed fracitmechanism, consisting of dimples,
cleavage facets and cracks, as shown in Figurg(lf:1These features are indications of
hardening that occurs when aging is carried odbwattemperature such as 170°C as a
result of reduced ductility due to the formation fofe dense precipitates. Figure 4-13
fracture surface of A356.1 alloy samples examimethe as-cast, after T6 at 170°C, and
after T7 at 250°C conditions. The figure shows deidracture features where dimples

display tendency to increase with ductility.
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Figure 4-11 (a) Fracture surface of as-cast B319.1 allqs) EDX-ray spectrum
corresponding toa-Fe phase in (a); (c) EDX-ray spectrum correspogdio ALCu in
(a);and (d) fracture surface of solution heat-trecdtB319.1 alloy.
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Figure 4-12 SEM images of the fracture surface of the 319 allay as-cast, (b) aging at
170°C for 100 hrs, (c) aging at 250°C for 100 hrs.
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(b)
(c)

Figure 4-13 SEM images of the fracture surface of the &8/, (a) as-cast, (b) aging at
170°C for 100 hrs, (c) aging at 250°C for 100 hrs.
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4.4  Analysis of Precipitates

Aging treatment follows the solution treatment apuenching processes where the
castings are subjected to a specified temperatura €ertain length of time. Depending on
the temperature applied to the casting, the exa@sse atoms formed in the supersaturated
solid solution (SSS) ofi-Al start to diffuse out and eventually form pratages. The
precipitation takes place in high energy regiorshsas grain and phase boundaries [92]. In
the early stages of aging treatment, the solutmatstarts to forms within of SSSS in the
form of coherent clusters referred to as GuinieazsRm (GP) zones accompanied by an
enhancement in the strength of the alloy. WithHertincrease in the aging time, formation
of coherent and semi-coherent transition phasesstgkace at the GP zone sites which
leads to a further increase in the strength ofcdming, up to a maximum level at peak-
aging. Beyond the peak-strength, any further agiegults in over-aging in which
equilibrium and coarser phases form and lead twyabftening and a reduction in the
strength [92].

In this section, investigation of the developmentpeecipitate during aging of
A356.1 and B319.1 alloys will be discussed. Figdr&5 and Figure 4-16 are FESEM
images, which illustrate the size and distributddprecipitates formed at 170°C and 250°C
aging temperatures in A356.1 and B319.1 alloygpeetsvely. Figure 4-15(a) illustrates the
characteristics of the hardening precipitates, twhiere formed after aging at 170°C for
100 hours in A356.1, while Figure 4-15(b) shows ttardening precipitates formed after
aging at 250°C for 100hours; and Figure 4-15(onshan EDX spectrum corresponding to
the precipitates observed in Figure 4-15. Figl#i6(a) represents the size and density of

precipitates that were formed in B319.1 alloy afsging at 170°C for 100 hours.
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Figure 4-16(b) shows the hardening precipitateb@8fC for 100 hours; and Figure 4-16(c)
shows an EDX spectrum corresponding to the phass=reed.

For A356.1, illustrates that applying aging treatinir 100 hours at 170°C results
in the precipitation of fine spherical precipitategshe metal matrix, and that increasing the
aging temperature to 250°C leads to coarseningnefptecipitates and reduction of their
density in the matrix. The shape of the sphericatipitates is in good agreement with the
work of Ibrahim et al. [93] while the observed thitates and/or rod-shaped particles
reported by earlier researchers [94] [95] did mawtrf in the present work during aging at
170°C. Aging at 250°C revealed formation of rodpthprecipitates along with spherical
shaped ones, as seen in Figure 4-15(b). In theeafate B319.1 alloy, similar observations
were noted regarding the coarsening observed dagitm at high temperatures for long
periods of time but in this case the precipitateseamore plate-shaped in structure, as may
be seen in Figure 4-16. This behavior is in acaoncd with the Ostwald ripening concept
[92] [96] [97].

Ostwald ripening concept hypothesizes that in otdaeach a more stable system
and to reduce the interfacial energy, formationlavfie precipitates, at the expense of
smaller particles, is more thermodynamically fabdeasee Figure 4-14. By the application
of this behavior, the system tends to lower itsrgmdy making small crystals or solute
particles dissolve and redeposit onto larger clysta solute particles. The coarsening
which occurs in the size of the precipitates isrtt@n reason for the reduced strength and
subsequently for the diminished quality which wdsserved when raising the aging

temperature applied to the A356.1 and B319.1casting
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Figure4-14 Ostwald ripening mechanism: Larger particles graiith expense of the
smaller particles[98]

As coarsening occurs, the inter-particle spacingitieened which will have a direct
effect on the dislocation motion. According to tBeowan relationship, larger inter-particle
spacing results in a decrease in the resistandsslmcation motion thereby facilitating the
occurrence of Orowan looping. The increased defbiiitya of the matrix via the easy
dislocation motions leads to reduced strength ar$eqquently diminished quality index
values in the castings [2] [99]. Aging at lower fmmature results in formation of
precipitates; with fine sizs, high density and loweter-particle spacing; as seen in
Figure4-15(a) and Figurd-16(a). In this case, the precipitates providensgt resistance to
dislocation motion and the occurrence of Orowarpieg becomes difficult leading to a
hardening of the materials and an increase in #eeadl strength, as shown in Figu4e9
and Figuret-10.

The EDX spectra presented in Figu4el5 (c) and Figuret-16 (c) show the
composition of the phases precipitated during thm treatment of the A356.1 and
B319.1 alloys, respectively. For A356the EDX spectrum shows peaks for Mg and Si in

addition to Al which corresponds to the precipdatof 3-Mg,Si. For the B319.1 alloy, the
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EDX spectrum exhibits peaks for Cu, Mg, and Si didigion to Al, indicating that these
would most probably correspond to the Q@&WMgsSis phase, although other phases such
as &Al,Cu, /Mg,Si, and SAI,CuMg may coexist in the matrix. It was not possible
however, for all these precipitates to tkentified precisely using the EDX technique
because of their small size. It should be notee tieait the main objective for using SEM
techniques was to provide an overview of the sizé density of the precipitates under

various aging temperatures and times as applidtetoastings.
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Figure 4-15 Size and density of the precipitates in 356 alloynkd at various aging
temperatures (a) SEM image after aging at 170°C1fa®@ hrs; (b) SEM image after aging
at 250°C for 100 hrs; and EDX spectrum correspogdmthe precipitates observed in b.
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Figure 4-16 Size and density of the precipitates in 318yaformed at various aging
temperatures (a) SEM image after aging at 170°C1a® hrs; (b) SEM image after aging
at 250°C for 100 hrs; and EDX spectrum correspogdimmthe precipitates observed.

4.5 Residual stresses

Residual stresses are generated due to differasbme and are generally a counter
effect for plastic deformation that is caused bplega mechanical loads, thermal loads or
phase changes. Mechanical and thermal procespésdafp a component during service
may also alter its residual stress state. Plastiorchation during machining is an example
related to mechanical loads while difference indsfatation of the material during casting
is a source for thermal-induced residual stresdésally, precipitation or phase
transformation resulting in a volume change cam @enerate residual stresses. In this
chapter, residual stresses will be evaluated aouprid different factors such as casting
mold, quenching media, aging time, aging tempeeadmd cutting direction

In many Aluminum alloys, heat treatment is essént@ achieve optimum
mechanical properties, and involves rapid quenchlih¢he part. After quenchindarge

thermal gradients are developed especially in bajiegs, leading to formation of residual
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stresses. The reason behind the development alusdsstresses inside a part is that the
surface; which is the first part to cool down; wikve compressive stresses encountered by
tensile stresses at the center of the casting{§]

Residual stresses are one of the important fathatscan affect the life of a cast
component which is not accounted for in the desigtme casting. This section is dedicated
mainly to study the effect of casting parametertha development of residual stresses in
B319.1 and A356.1 alloys. The sectioning method heen used for decades to measure
residual stresses in structural-steel members wihéseconsidered as a reliable, fast and
cheap technique. In this technique, the residuakstis calculated using the Hook’s law
equation, using the measured strain values and ng’® modulus of 70GPa such as

mentioned in the previous chapter.

oc=E €o—¢1)

To measure the initial straimof and final straind;), Wheatstone bridge, Labview
software, National Instruments data acquisition iggent linked to a a SCXI-1520
universal strain gage input module were employsdshewn in Figure 4-17. Cutting was
first done in vertical cutting plane and then tksidual strains were measured; following
this, another cut was made in the horizontal plaseillustrated in Figure 4-18, and the
residual strains were also measured to determiaeeffect of the cutting direction in
relieving the residual stresses. In this sectiesidual stresses will be evaluated according
to different factors such as the casting mold, ghely media, aging time, aging

temperature and cutting direction
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Figure 4-17 SCXI-1520 universal strain gage input module

Ve i cal c\m‘\ng

plane

Figure 4-18 Sketch illustrating cutting directions
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4.5.1 Residual stresses inside B319.1 and A356.1 alloy

As discussed in Chapter 2, when a solidified cgstimols, compression stresses are
formed on the surface while the casting interiorsigjected to tension stresses. The
magnitude of residual stresses is dependent owubeching rate and casting size. It is
found that the residual stresses will increasdiakrness of the cast part increases [100].

The results for the evolution of residual stresse£356.1 and B319.1 alloys in
relation to the type of casting mold, quenching mgédging time, aging temperature and
cutting direction are illustrated in a series @jufies from Figure 4-19 to Figure 4-24. In
general, in all figures, it is observed that a# tliesidual stresses measured are compressive
in nature, and are generated due to the steep dhgradient between core and outer layer
at the start of quenching/cooling process [52]is Hlso clear that the magnitude of residual
stresses in B319.1 alloy is about 10% higher thahdbserved in A356.1 alloy, which may
result from the precipitation of complex phaseshsasa Al;s(Mn,Fe)Si;, B-AsFeSi and

CuAl; in the B319.1alloy.

4.5.1.1 Effect of cutting direction

The technique adopted in this study was mainly ueedthe measurement of
residual stresses in the longitudinal directionsis of cutting in the transverse direction
as in cut 1; illustrated in Figure 4-19 and Figdr20, proved that cutting in the vertical
direction has negligible effect on the measureddusd stresses in the longitudinal
direction. Residual stresses are balanced thrdugkhickness, which indicates that cutting
along the direction of the thickness results iremrrangement of the locked-in stresses. In

conclusion, combining the vertical cut with theilaontal cut causes greater relaxation and
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rearrangement of the locked-in residual stressethatoit has a noticeable impact on the

strain gauge measurement.

4.5.1.2 Effect of solidification rate and quenching rate on the development of residual
stresses

The production of a supersaturated solid solutsotihé most crucial step in the heat
treatment of aluminum alloys. It can only be acbkiokby suppressing solid state diffusion
by quenching from the solution treatment tempeeatbor best efficacy, cold water is used
for quenching. The developed thermal gradient asdltant difference in the timing of the
thermal contraction from edges to the center obtlrecontrol the evolution of the residuals
stresses.

The effects of solidification rate and quenchingeran the development of residual
stresses in A356.1 and B319.1 alloys are shown igur& 4-19 and Figure 4-20,
respectively. The residual stresses were found remluglly decrease with decreasing
cooling/quenching rate of the quenching mediums lbbserved that quenching in cold
water develops the highest, and air cooling dewelbe lowest, residual stresses. This is
due to the large temperature difference betweerdhe and the surface of the casting with
the increase in cooling rate. In the figures shoawpling in air produces the lowest
residual stresses compared to other quenching me&d@amagnitudes of residual stresses
in air-cooled samples were found to be in good eégent with those observed for as-cast
samples.

For Al-Cu alloys, Dong [101] reported that the nmaxm compressive stress of
samples quenched in 20°C water is103.6 MPa; mehdwyeusing the slitting method.

When the samples were quenched in warm water af @®fd 80°C, respectively, the
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magnitude of the residual stresses was reducedd®y dnd 70%. The residual stresses
obtained after quenching for B319.1 and A356.1yalln the present study are in good
agreement with residual stresses measurement edpbyt Dong [101]. The major factor

that affects the evolution of residual stresses tha@squenching in cold water. Several
investigation have indicated that residual stressethe surface of a wrought 7000 series
plates can reach values larger than -100Mpa [10@B][f Examples of residual stresses
measurements found in the literature are summanz&dble 4-3.

Goldwiski et al. [83] concluded that aging tengiare was found to strongly
affect the total amount of relaxation measured 3181 alloy. Their results agree with the
findings of this study where quenching in cold waisoduced higher residual stresses, T6
aging had a negligible effect on the relaxationredidual stresses, while aging at T7
resulted in higher amounts of residual stress atian.

For both alloys, the maximum residual stress ge¢edran the block casting (low
solidification rate) is 30MPa, while the residu#iess generated in the L-shaped casting
(high solidification rate) is almost 80MPa. In Figu4-21, the observed variation between
material strength and amount of residual stresgelved confirmed that the two variants
are in direct proportionality where the alloy withgher strength exhibits the highest
residual stresses. The reason for this behaviaitridbuted to the fact that as the strength of
the material increases, the material resists defbom and so the residual stresses increase
[5]. In this context, the higher strength B319.lowlwill have higher locked-in stresses
compared to A356.1 alloy.

The L-shaped castings, which solidified at high lie@prates, and hence exhibit
small SDAS values, have better strength propeanesalso high values of residual stresses

compared to the block castings which solidifiedl@w cooling rates. In conclusion,
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castings with small SDAS will have higher tensiteesses and generate higher residual
stresses which indicates that residual stressperdient on the structure and properties of

the alloy [78] [83].
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Table4-3 Residual stresses in the as-quenched condisaeported in the current study and by other reslears

Dimensions o . measurement RS
Author Alloy Type (mm) SHT (C) | Quenching Technique (MPa) Comment
A356.1 Castingl 200*40*40 540 Air -24.5
A356.1 Castingl 200*40*41 540 water/60 -49
A356.1 | casting  200%40%42 540 water/20 71 f‘e";{ﬁ%‘f
Current study Sectioning Techniqu on 10mm
B319.1 | Casting 200*40*43 500 Air 8 plate
B319.1 | Casting 200*40*44 500 water/60] -50
B319.1 | Casting 200*40*45 500 Water/20| -81
2014 Plate 100*100*50 500 water/20I -103
2014 Plate 100*100*50 500 water/60] -89 near surface
Dong [101] Slitting method Stresses
2014 Plate 100*100*50 500 water/80] -26
2014 Plate 100*100*50 500 water/10( -25
7175 Plate 25*25*160 475 water/20 -160
Robinson[104] | 6061 | Plate 25%20*160 530 water/20|  X-ray diffraction -100 ”egtrr:;‘;‘:‘g
2017A Plate 25*25*160 510 water/20 -170|
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Figure 4-19 Development of residual stresses at diffegaiginching rates in A356.1 alloy
(a) block shaped casting (b) L-shaped casting.
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Figure 4-21 Variation in residual stresses as a functidnUd'S in B319.1 and A356.1
alloys at different quenching rates.

4.5.2 Relaxation of residual stresses

Several methods have been adopted in order toveeliesidual stresses which
include either plastic deformation or atomic reag@ment such as recrystallization.
Thermal and mechanical methods are adopted fquuhgose of relieving residual stresses.
Thermal methods are based on heating the compomenproper temperature that allows
either plastic deformation or phase transformationecrystallization to occur. Mechanical
methods are based on plastically deforming the ma&ig room or at elevated temperature.

Aging causes release of the residual stresses vihereasing the temperature or
holding time causes further relief of residual stes [105]. In this section, the relaxation of
residual stresses formed in A356.1 and B319.1 malldiscussed, in relation to the aging

temperature and time.
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Generally, stress relief involves uniform heatirigagart to a suitable temperature,
holding at this temperature for a period of tima|dwed by slow cooling to prevent the
reintroduction of thermal stresses, as stress vietie is highly dependent on the
temperature. At high temperatures, such as thesd in solution heat treatment, the
material yield strength is remarkably reduced, cauplasticity mechanisms to relieve the
elastic strain through rapid thermal activatiordisiocations. It should be noted that at high
temperature, major reduction in residual stresaasbe encountered with major decrease in
the properties of the material as the precipitajes coarser and lose their hardening
capabilities during annealed at high temperatudg®] [106]. In other words, heat-
treatable aluminum alloys cannot be stress relielbgdannealing as the temperature
required to encourage stress relief will coincidéhwhat which promotes the precipitation
of the second phase constituents, so that stréieving must be attained at a lower
temperature (i.e. during aging).

Aging encourages the precipitation of coherentemniscoherent phases, and can be
performed naturally or artificially (at elevatedriperature). Although precipitation causes
micro-strains around the precipitates, it has tsewn that it does not affect the resulting
residual stresses [105].

In order to maintain the mechanical propertiegesst relieving at lower
temperatures must be maintained [106]. At lowerperatures, relief of the locked-in
residual stresses is brought about through a diftemechanism, viz., classical diffusional
creep and precipitation of another phase. Creepesauwedistribution of tensile and
compressive stresses through thermal glide. Mitastig strains that occur due to thermal

glide or due to dislocation climb to some extenglde the relaxation of locked-in residual
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stresses. The values of residual stresses afteant6T7 treatments are presented in
Figure 4-22 and Figure 4-23.

After aging at 160°C, relaxation of residual stesss found to be between 5 and
50%, depending on the quenching medium and expdisnee It has been found that in T6
heat-treated Al-Si—-Mg alloys, aging for short tinteses not significantly affect residual
stresses [5] [107]. Thus, to release residual steshe temperature should be higher. The
amount of residual stresses relieved through Ta&trirent provides only modest reduction
in residual stresses; while aging at 250°C causk=ast 75% residual stress relaxation and
can annihilate most locked-in residual stressel initreasing time. This behavior could be
attributed to the fact that dislocation glide oimtd occurs more readily at higher
temperatures.

Specimens with large SDAS (60 um) were also foundet more prone to residual
stress relief. In general, the increase in SDA®IImd to reduce the amount of residual
stresses that originate and facilitate residuadsstrrelaxation which is related to the
reduction of mechanical strength at lower solidifion rates [6]. Finally, the levels of
residual stress are markedly reduced becauseasfsstlissipation through the dislocation
glide mechanism.

Residual stresses (RS) are nothing else but elastemmodation of non-uniform
plastic strains generated either thermally or bygeh transformation. Generally, the
hardness is inversely proportional to the squact ob grain size (Hall-Petch equation).
Greater the hardness, greater will be the resislwasses. Thus, it could be concluded that
grain size has an inverse effect on residual stseddardness also depends on type of

microstructure and cooling rate.
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Figure 4-24 summarizes the ultimate tensile st(eldsS) and residual stress (RS)
values obtained for A356.1 and B319.1 alloys, asation of different casting parameters
and quenching media. The figure demonstrates thétmal with higher strength, as in the
case of B319.1 alloy, produces higher residuakse® compared to material with lower
strength, as in the case of A356.1 alloy. It alsovgs that there is direct proportionality
between UTS and RS with quenching rate. The rdlaxaof residual stresses is
significantly dependent on aging temperature amatgeds smoothly with the increase in
aging time. A significant increase in the residstaésses is observed in specimens with low
SDAS, as in the L-shaped casting, while lower neglidtresses are measured in specimens

obtained from the block casting, with high SDAS.
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Figure 4-22 Relaxation of residual stresses in A356.laleyh variation in aging
conditions (a) block casting/ T6 (170°C); (b) blocasting/ T7 (250°C); (c) L-shaped
casting/ T6 (170°C); (d) L-shaped casting/ T7 (Z50°
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Figure 4-23 Relaxation of residual stresses in B319.1yaNaith variation in aging
conditions (a) block casting/ T6 (170°C); (b) blocasting/ T7 (250°C); (c) L-shaped
casting/ T6 (170°C); (d) L-shaped casting/ T7 (250°



146

@

lock in

in

RS (MP

in L- in

:c@-- RS (MP

TS (MPa)

/

—"°

C,—rh 2 4

SIY00T

S1Y0s

SIyoT

SIY00T

S1Yos

SIyoT

1HS

1Se9 sy

TTat 250C

T6 at 170C

Cold water

SIY00T

S1Yos

SIyoT

SIY00T

S1Yos

SIyoT

1HS

1Se9 sy

T7 at 250C

T6 at 170C

Warm water

SIY00T

S1Yos

SIYoT

SIYyooT

si4os

Siyot

1HS

1Sed sy

T7 at 250C

T6 at 170C

Air

400

300

o)
S)
«

ed

o
o
—

I\ Ssans

0 Tt

-100




147

(b)
—— UTS (MPa) ---@-- RS (MPa) in L-casting RS (MPa) in block casting
400 ﬁ\/ '\.\_ /"_'\.
- .___./I\./I \ .\\
N—n \
6-5 200
=
7))
%)
L
N 100
Q... ®
0 T reomme——7F . e 3
N v Leo @ o e
.-- g o’ 3 .e. - .-'
@@ ... ........ .
-100 +— = =
0 v v @ v ¢ v 0 v ¢ v @ v v 0w ¢ v @ ¢ v @
© T £ £ <£ | < £ <£ © T £ £ <£ | £ £ < © T £ £ <£ | < £ <
© » © © o|Sc o o © »n © © o | o ©o o © ¢ © © o | ©o o
%) < 1L O | 4da 1 O | un < BB O |l «da b O | un 4 b O |49 1 O
< — - | < — - | < — —
T6 at 170C T7 at 250C T6 at 170C T7 at 250C T6 at 170C TTat 250C
Air Warm water Cold water
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Section II: Influence of casting parameters on thelevelopment of stresses

and hardness of 14 and V-6 engine blocks

B319.1 alloys are brittle at low temperature but ba improved by heat treatment
or alloying with elements like strontium. Strontiuaddition transforms the large brittle
flakes of the eutectic silicon present in the unified 319 alloy into a fibrous coral type
structure resulting in improvement in elongatiord dansile strength. Properties of these
alloys are generally controlled by addition of nfes, casting parameters and heat

treatment.

With improved casting techniques, the presenceasting defects is reduced, so
that other microstructural parameters, namely, dendarm spacing, grain size,
morphology of Si particles, shape and distributdmtermetallic phases, and precipitation

hardening during heat treatment play a dominamet irotontrolling the properties.

4.6 Dendritic Structure

Microstructural analysis was carried out using acgtimicroscopy to observe the
dendrite structure in both 14 and V6 engine blocks different locations. Optical
microscopy revealed a variation in the dendritrttiure along the length of the cylinder
bridge region of both I-4 and V-6 engine blocksv#ts observed that the top of the cylinder
bridge contained relatively coarse dendrites, whie bottom of the cylinder contained

finer dendrites, see Figure 4-25.
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(b)

(©) (d)

Figure 4-25 Optical micrographs showing the dendrite stowe of: (a) top region of 1-4
engine, (b) bottom region of I-4 engine, (c) togioa of V-6 engine, (d) bottom region V-6
engine block.

The secondary dendrite arm spacing (SDAS) was meadsat the top and bottom
regions of the cylinder bridges. The results ofstheéneasurements are summarized in
Table 4-4. The average SDAS was found to decrease fropm5#%® 40um for the I-4
engine block, and from 41um to 21um in the cagb@¥6 engine block. For both types of
engine blocks, the SDAS results for the bottomaegdf the cylinder bridge indicate a

shorter solidification time, i.e. a higher coolingte compared to the top region of the
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cylinder bridge [108]. According to lombardi [78he main reason for SDAS refinement
was caused by the sand mould design where a dht# pvas inserted very close to the
bottom region prior to pouring. In contrast, thp tegion of the cylinder bridge which was
near the risers took a longer time to solidify ¢sirrisers are required to solidify last),
resulting in the top region exhibiting a large SDIX8].

Table4-4 SDAS measurements for I-4 and V-6 engine blocks

Top region Bottom region
SDAS (nm) Std. SDAS (pm) Std.
I-4 engine 57 8.34 41 9.89
V-6 engine 42 8.82 21 3.97

4.7 Effect of Sr-modification on microstructural develgpment

In an Al-Si alloy, the silicon represents the hatdse of the alloy which causes a
discontinuity in the soft and ductile matrix of alinum. Because-Al is the softer phase
and Si is the harder and less ductile one, thisgemerate large stresses on the softer phase
which lead to anisotropic distribution of the piasteformation. The local plastic constraint
in the softer phase leads to a rapid strengthemiintige alloy, with dislocations piling up at
the aAl/Si particle. This can lead to the formation ¢téavage microcracks at these ductile-
brittle sites. Under normal cooling conditions, thiephase is likely to be observed in the
form of large acicular plates with sharp sides ands. This morphology of Si lead is

detrimental to the mechanical properties, thugéds to be altered or ‘modified’.
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Three methods are known for the eutectic modificaf{il09] namely (a) chemical
modification through the addition of trace level§ alloying elements, (b) quench
modification through high cooling rates and rapadidification, and (c) super heating the
melt at 850C for 15min and fast cooling to the pouring tempae (1680°C prior casting).
Chemical modification using Sr addition is the mospular as the resulting eutectic silicon
phase is fine and fibrous, nullifying the effecttioé acicular morphology.

The addition of Sr leads to formation of fibrouBcsin. During heat treatment, the
Si particles undergo fragmentation and spheroidinatvhere the rate of spheroidization is
faster in the Sr-modified alloy, compared to unrfiedi alloys. In this study, the alloys
used were modified employing about ~150 ppm stromtitiherefore, it is expected that the
microstructure even in the as-cast condition woexdhibit a modified eutectic silicon
phase. In addition, since the alloy contains Tk tgrains formed will be small. In
conclusion, the addition of Ti and Sr enhancesfitied developed microstructure, thereby
leading to a general improvement in the tensilepproes compared to the unmodified
alloy.

Particle size, shape, and spacing are all factdiehwcharacterize the eutectic
silicon structure. Table 4-5 summarizes the giliparticle characteristics obtained before
and after heat treatment adopted in manufacturfngngine blocks. It is clearly observe
that eutectic modification is achieved by the cheahaddition of Sr while heat treatment
causes partial modification illustrated in the gpiization of the silicon particles.

The Sr addition causes improvement in the roundaesgsaspect ratio of the Si-
particles. It also reduces the particle size. Thadification of the Al-Si eutectic to a

partially modified structure in the specimens ah¢ai from the cylinder bridge sections,
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and displayed in Figure 4-26 (a) and Figure 4&)7 was likely caused by the addition of
Sr prior to casting. Figure 4-26 (b) and Figus274(b) illustrate partial spheroidization of
Si eutectic phase after the application of solutibeat treatment. However, full
modification of the Al-Si eutectic was not obsengaace the modified B319.1 alloy used in
engine block production, contained a larger amairi than the standard 319 alloy. To
reach full modification of the Al-Si eutectic, langadditions of Sr, longer heat treatment
times, and higher cooling rates would be required.

Table4-5 Silicon particle analysis

Sl particle caharsterstics

Sample/Condition _
%Area Length (um) | roundness | Aspect ratio

Mean | stdv. | Mean| stdv. | Mean | stdv. | Mean | stdv.

-4 engine (Asreceived) 1554 | 16| 855 964 048 023 215 1|88

-4 engine (Aircooled) | 1950 | 223| 606 606 052 021 198 2|50

V-6 engine (Asreceived) 1535 | 70| 606 74 058 026 202 302

V-6 engine (Aircooled) | g8 | 29 | 665 7.94 o051 022 247 289
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Figure 4-26 Optical micrographs showing the effect of 8oluheat treatment at 500°C on
Si morphology in 14-engine blocks for (a) 0 h ahyl§ h solution treatment times
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Figure 4-27 Backscattered electron images showing thetaeffesolution heat treatment at
500°C on Si morphology in 14-engine blocks for@d) and (b) 8 h solution treatment times
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4.8 Alloying elements distribution after aging

The specimens prepared for mapping were deepleeétasing hydrofluoric acid
(HF- 25% conc.) for 30 seconds and then plated ¥itim thick platinum layer. The back
scattered image of the sample obtained from thesihgine block casting after aging at
170°C for 100 hours is presented in Figure 4-28 \dile Figure 4-28 (b) displays the
mapping of elements observed in the image. As neagelen, the matrix consists mainly of
the a-Al phase (83% Al), and blue areas correspondinght eutectic Si phase (16%
Si/Al), while about 2% corresponds to “unallocateptéy regions interspersed within the
matrix. These would probably correspond to traeeipitates of Cu- and Mg-containing
intermetallics, namely ACu and AiCwu,MgsSis as indicated by the peaks observed in the
EDX spectrum obtained from the square region inbiekscattered image of Figure 4-28
(@).

Similarly, Figure 4-29 shows the backscatteredgiepanapping of elements and the
EDS spectrum for an 14-engine block sample thataggesl at 250°C (T7 treatment) for 100
hours. It is interesting to note that the “unalteci grey regions in the image have
increased to 7% with the T7 treatment. As a reefilthe etching treatment used for
delineating the Si particles, these precipitataglccmot be viewed clearly. However, the
EDX spectrum showed a similar distribution of peaksthat observed in Figure 4-29 (c),
indicating them to be the same type of precipitates
With respect to the unallocated regions in Figéw28 (b) and Figure 4-29 (b), the actual
size and density of the precipitates appearinh@se regions, obtained after T6 and T7
aging treatments, for aging times of 10 and 100rha@uwe displayed in Figure 4-30 and

Figure 4-31, respectively. As may be seen, atTtheaging temperature of 250°C, the
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precipitates are coarser, rod-like in shape, amdaspfurther apart after 100 hours aging

time, compared to what is observed at the T6 agimgperature of 170°C.

(@)

(b)

. 16% SK/AIK (7991 Pixels)
. 2% Unallocated (883 Pixels) %
. 83% AIK (42326 Pixels)
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Figure 4-28 Elements distribution 1-4- engine blocks atiging at 170°C for 100hrs (a)
Backscattered electron image, (b) X-ray maps omeld distribution and (c) EDX-ray
spectrum corresponding to (a).
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Figure 4-29 Elements distribution 14- engine blocks afiging at 250°C for 100hrs (a)

Backscattered electron image, (b) X-ray maps omeld distribution and (c) EDX-ray
spectrum corresponding to (a).
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10 000 x ETD 10.00 kVy: 4.5093 mm 9.7 mm| 3.0
Figure 4-30 Size and density of the precipitates in |-dim@ block (a) SEM image after
aging at 170°C for 10 hrs; (b) SEM image after agat 170°C for 100 hrs.
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Figure 4-31 Size and density of the precipitates in I-gie® block (a) SEM image after
aging at 250°C for 10 hrs; (b) SEM image after agat 250°C for 100 hrs.
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49 Hardness Test Results

The Brinell hardness test is used to relate hasdtetensile strength. The structure
and morphology of the precipitates that providedhass are controlled by the aging time
and temperature. The changes in the size, shapeistndution of hardening intermetallics
such as the ACu precipitates that are formed during aging aee riain sources for
hardening and softening mechanisms of the matériad. factors indicated are in a direct
correlation with the quenching rate. Several sw{®] [45] have indicated that increasing
the quenching rate results in improvement in théenms strength. In Figure 4-32, cold
water quenching which corresponds to the higheshcfing rate results in the highest
BHN values. As quenching rate decreases, the hssdieds to decrease as is noted for
air-cooled two-cylinder and four-cylinder samplédsieh exhibits hardness values of 81 and
74 BHN, respectively.

Cold water quenching results in high hardness waloempared to air cooled
samples, giving 100 BHN as the hardness value Witaging, hardness starts to increase
reaching its maximum (BHN=115 MPa) after aging I6hrs. Increasing aging time leads
to softening of the material hardness. On the dtiagxd, increasing the aging temperature
to 250C (i.e. T7 treatment), as illustrated in Figur82-also leads to softening as may be
noted from the descending trend in hardness. Thee deend was also observed for the
samples cooled in air.

In general, it can be observed that peak hardnessbiained when aging is
performed at 170°C for 10 hours due to the fornrmatbthed' phase which is a fine, well
distributed, and coherent phase. Increasing thegatgimperature results in a noticeable

decrease in the hardness values compared to thmamed at 170°C, which is mainly
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attributed to the coarsening of the;@U precipitates, loss of coherency, and formatibn o
the equilibriumd (Al,Cu) phase.

It should be mentioned here that whereas samplesned from the I-4 engine
blocks were tested for all the aging conditiongld, in the case of the V6 engine blocks,
due to the limited number of blocks available, tlaedness values were measured only for
the solution heat treated condition, and T6 andag@&d conditions, for aging times of 10
and 100 hours in each case. The Brinell hardnelsevdor the V-6 engine blocks were

found to be approximately the same as those dfdhengine blocks.
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Figure 4-32 Variation of hardness (BHN) in engine blockgtes as a function of aging temperature and time.
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4.10 Residual Stresses

Distortion of an engine block is inevitable witme due to the presence of residual
stresses. The distortion may either be a produtiteymal growth or the product of tensile
residual stresses that exceed the yield stredgedflock material or alloy. Thermal growth
means changes in volume related to phase trangiormduring heat treatment of the
alloy. In case of thermal growth, it is found thidie T7 treatment offers the best
dimensional stability over T4 and T6 treatmentst gsoduces the stable (Al.Cu), phase
which has a lower specific volume when compared’ tAl ,Cu) neglecting the effect of
thermal growth distortion [83]. Such distortion magcur through the introduction of
excessive residual stresses. When theses resittaases exceed the yield stress of the
material, distortion occurs [74].

In Section |, the development of residual stresses function of casting parameters
was investigated in B319.1 alloy, using sample$ wsiple geometries. In this section, the
development of residual stresses in B319.1 alldy dngine blocks will be studied to
examine the effect of the geometry of the strugtasewell as the effect of the cylinder
region being in contact with a different materiagmely, the cast iron liner, on residual
stresses, as is the case for engine blocks. Sefamtars will be examined namely
guenching/cooling rate after solution heat treatmaging temperature, aging time and
freezing, with respect to the engine block castirgezing will be considered as a way to
reduce residual stresses. All 14 engine blocks usddis study were supplied by Nemak

Corporation.
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4.10.1 Four-cylinders engine Blocks vs two-cylinders engmblock

In order to facilitate handling in the laboratooytting the engine blocks into two
halves was introduced, as represented in FiguB8.4Fo verify our measurements, a
complete set of experiments were made between vamgae blocks (four cylinders) and
sectioned engine blocks (two cylinders) to deteenifrthere would be any difference due
to the sectioning/cutting. A comparison betweenfoginder and two-cylinder in different
conditions, namely as-received, air quenched andusinched/freezing, was made and the
results are displayed in Figure 4-34.

The residual stresses inside the four-cylinder avmtcylinder engine blocks are
found to be the same from which it may be concluithed sectioning has no effect on the
development of residual stresses; this, in turdjcetes that there will be no difference
between the results obtained from two-cylinder &mg-cylinder blocks. It may also be
observed that around 35% of the material strergytidready locked in as residual stresses
in the as-received condition and after solutiont tremtment (SHT). This was related to the
similar cooling rates for four-cylinder and two-tyder engine blocks, which were verified
by running a simulation using SolidWorks to fincethooling rate values. Figure 4-35
illustrates the cooling rates for both four-cylindad two-cylinder engine blocks which are
found to lie close to 15.5°C/min.

The residual stresses in the I-4 engine blockshen ds-cast, air cooled, and air
cooled + freezing conditions were 100, 70, and 5@MPBspectively. These results indicate
that the SHT process partially relieved some oftémsile residual stresses which evolved
in the Al-cylinder bridge region, with a subsequesduction when freezing was performed

through the operation. The same trend was obsdryeldombardi et al. [78] [110] who
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measured residual stresses inside V6 engine blodke as-cast and air-cooled conditions.

The stress relaxation was found to be about 20%.

(@) (b)

Figure 4-33 14 Engine blocks (a) Four-cylinder engine Wdadefore cutting) (b) Two-
cylinder engine block (after cutting)

12( :
@ Four Cylinders
100 O Two Cylinders
.80
©
a
260 -
n
o
40 -
20 -
0 .
SHT (500C/8hrs) + SHT (500C/8hrs) +
air cooling air cooling +
freezing

Figure 4-34 Development of residual stresses inside fglinders and two-cylinders
engine block
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Figure 4-35 Thermal distribution for (a) two cylinders emg block, (b) four cylinders
engine block, (c) cooling rates for them, after SHT

4.10.2 Development of residual stresses inside two-cylindengine blocks

Figure 4-36 reveals that there is significantenahg of residual stresses ongoing
from the as-cast and to the SHT condition whersghesidual stresses are relieved by
25%, 75 and 65 %, respectively, when subjectedrtoomling, warm water quenching and
cold-water quenching. This trend indicates that Sitaly an important role in the relieving
of residual stresses. Previous research studiefbP1][83] [111]concluded that residual
stresses can be relieved thermally either instaotasly, when locked-in stresses exceed
the yield strength or gradually through creep madgmas.

Relieving of residual stresses through the firstia@ism is insignificant compared

to the relieving that occurs through creep. Godkeves al. [83] suggested that relief of
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residual stress and strain is brought about bydiflecation creep mechanism. Godlewski
et al. [83] also reasoned that the presence of igoayliners which support the aluminum
bridge minimizes the plastic deformation that acpames residual stress relief. Lombardi
et al. [111] found that during solution heat treaht, most of the locked-in stresses were
relieved during heating, leaving compressive reaidtresses at the end of the solution heat
treatment process. Tensile residual stresses warelaped during cooling, where their
magnitude was dependent on the rate of coolingaasoanfirmed by the work of Carrera et
al. [82].

In the previous section, it was shown that incregasjuenching rates resulted in the
generation of high residual stresses. Surprisinglythe case of engine blocks, it was
observed that with increasing cooling rate, thédred stresses evolved were found to have
decreased. Figure 4-36 shows that air coolinguywresl the highest residual stress compared
to warm water and cold-water quenching. This in@isahat the increased cooling rates
obtained with quenching lower the amount of redidtr@sses developed within the engine
blocks by ~ 50% compared to air cooling.

The reason for this contradiction is based on taaisf related to our experiment.
Firstly, the engine blocks contain two differentterals with significant differences in
their coefficients of thermal expansiam(= 2.4*10°K™, ape = 1.5*10°K ™), and secondly,
the rate of contraction during quenching will difggven that the cooling rate is the same

for both cast iron liners (Cl liners) and the sumding aluminum.
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Figure 4-36 Residual stress development with differenhcghiag rates.

At slow cooling rates, there is no significant drince in cooling rates between
aluminum and cast iron liners and since the alumirmontracts to a greater extent with
decreasing temperature, large residual stresseteastoped due to the thermo-mechanical
mismatch between the two materials resulting froenhindrance of free contraction of the
aluminum. On the other hand, at high cooling ratesh as when the blocks are quenched
in water, the CI liners, which are in contact wifbhenching medium, cool at faster rates
compared to the surrounding aluminum. This leadthéocontraction of both Al and CI
liners at similar rates, reducing the thermo-meaamismatch between them, resulting in

much lower stresses inside the engine blocks.
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Figure 4-37 Residual stress profiles for the aluminumnadr bridge of: (a) an engine
block cooled at 1.67°K/s, (b)an engine block coa@ed.67°K/s [5]
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Lombardi et.al. [5] investigated the effect of dagl rate on the evolution of
residual stresses inside a V6 engine block. Aftduten heat treatment at 470 for 7
hours, they used forced air as the quenching/cgatiedium at 1.67 and 0.6K/s, and
then performed aging at 24D for 5 hrs. The results are displayed in Figu@74shows
and reveal that quenching at 0.67 K/s promote®wish and evolution of tensile residual
stresses, whereas quenching at 1.67 K/s dampendsstbetion and leads to development of
compressive stresses [5]. Figure 4-36 also shdwas dging can reduce the locked-in
residual stresses significantly after aging at @5@r 10hrs. It is clearly observed that the

lowest value of residual stress is generated aftéd water quenching, accompanied by

aging.
4.10.3 Residual stress relaxation

4.10.3.1 Freezing Treatment

Freezing after quenching is considered one ofeébbriiques which can be used to
further reduce the amount of residual stresseebgrsing the pattern of thermal gradient
imposed during solution heat treatment. Despitebtdreefits of cryogenic treatment on both
mechanical properties and the residual stresseslagmd in ferrous alloys, there are few
reports [52] [104] in the literature related to fineezing treatment of nonferrous materials
and the consequent effect on residual stress aoaneal properties.

Alcoa first proposed this technique in the 196Qis due to its complications, it was
not exploited. Currently, the cryogenic technigsdeing reconsidered again, as it has the
potential to be applied to complex shapes andrgssthat cannot be stress relieved by any
other method. The idea behind this method is t@ligva residual stress that is opposite in

nature to that produced from quenching, so that éieninate each other. To maximize the
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outcome of the cryogenic treatment, a thermal graidas steep as possible is required to be
created in the specimen. This can be achieved o ways: One is to maximize the
temperature difference between the sub-zero teryerand quenching medium, and the
other is to increase the heat on the specimencaugs fast as possible [52] [104] [112].

The sequence adopted in this study may be termed &hallow” cryogenic
treatment, as the freezing was extended to -308Ggared to temperatures of — 100°C
used in industrial cryogenic treatments), and gegented schematically in Figure 4-38. It
involves exposing the sample to a sub-zero tempergt30C) following solution heat
treatment and allowing it to stabilize. After siaation, the surface of the sample is
exposed to a sudden increase in temperature byrisimgehe specimen into water a’6)
followed by aging.

Figure 4-39 illustrates the effect of freezing tre developments of residual
stresses. At least 20% reduction in residual steeafier the implementation of the freezing
process is noted, which supports the effectivenésise freezing treatment. Increasing the
freezing time has no significant effect on contnglthe residual stresses, as may be seen
from Figure 4-40. In Figure 4-40, around 30% dtun in residual stresses is observed
after stable freezing despite prolonged exposufeerzing. Reduction in residual stresses
reaches 45% after cyclic freezing. However, for madghe current study, stable freezing
rather than cyclic freezing was used, where thepgssnwere exposed to -30°C for 24 hrs,

for reasons of cost efficiency and easy handlirpasated with the process.
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Figure 4-40 Effect of stable vs cyclic freezing on thesttgpment of residual stresses.

4.10.3.2 Cryogenic Treatment + Aging

The dual effect of cryogenic treatment and agingesidual stress is illustrated in
Figure 4-41 and Figure 4-42. In air-cooled sampdeound 40% of the residual stresses are
relieved after freezing treatment and with furthedtuction in following aging at 170 and
250C. Prolonging the aging time further reduces tisideal stresses, reaching a minimum
value of 25 MPa approximately. In cold-water questt samples, the progression towards
residual stress relaxation is slow as the initales of residual stresses are low, compared
to the air-cooled samples. The threshold limit reuad 15 MPa for water-quenched
samples.

The aging response on residual stresses insidevarcylinder engine and four-
cylinder engine blocks was investigated. The resaié presented in Figure 4-42 and reveal

that relieving of residual stresses is noticeahlaghie two-cylinder engine blocks, while
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four-cylinder engine blocks show a very low resggnshich indicates that the size of the
component has a direct impact on the amount afsneief achieved.

The numbers of investigations on the study of tedidtresses in engine blocks is
very limited. Carrera [82] measured the residugdsses in I-4 engine blocks and found
them to be at least 100MPa in the as-cast conditioich is in good agreement with our
findings. Only 10% reduction in residual stresses wbserved when the engine block was
aged at 241 for 6hrs. Lombardi et al. [78] studied the depah@nt of residual stresses in
V-6 engine blocks, and reported that residual segsvere found to be tensile type along
the length of the cylinder, reaching a maximum 00K Pa. They also found that around
70% of residual stresses are relaxed in the top gfathe cylinder. Results from other
researches are summarized in Table 4-6.

Table4-6 Results of residual stresses development imerocks

Author Engine Condition Average RS (MPa)
Type

-4 As Cast 113
Carrera [82] -4 495C /4hrs+ quenching at 3D 94
V-8 water +T7 (240C /4hrs) 143

Lombardi [74] V-6 As Cast 150

480C /7.5hrs + forced air cooling

V-6 +T7 (246C /5.5hrs) 100

To study the variation in residual stress with geann geometry, a series of
experiments were carried out on V-6 engine blockise results are summarized in
Figure 4-43, and indicate that the variation immgetry or shape does not result in any

significant change in the development of residti@sses during heat treatment and aging.
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The values of residual stress in the as-receivediton were 66 and 98 MPa for V-6 and
I-4 engine blocks respectively. The reason for tlagation was related to residual stress
relaxation induced during machining in the V-6 emgblocks which were received to the
final product shape unlike the I-4 engine blocks.

Figure 4-44 shows the change in hardness anduadsgtresses with different
manufacturing parameters. The figure shows thagtrof the residual stresses are relaxed
after the SHT and freezing stage where it dropsira@o60 and 48% after cold water
guenching and air cooling respectively. Througimggresidual stresses in both cold water
and air cooled samples are gradually relaxedniytreach the limit at 20 MPa.

Despite the fact that quenching in cold water tssih less residual stresses
compared to the air-cooled samples, the magnitfideeoresidual stresses are almost the
same after aging. This can be attributed to thetfet material with higher strength tend to
relax its locked-in stresses at slower rates. Aoseixperiment to measure residual stresses
and hardness were performed on the 14 and V-6 ergotks, as presented in Figure 4-45.
The HBN results for I-4 engine block show a sligatiuction in hardness measurement
compared to two-cylinder samples. The V-6 engineclblshows the same behavior
observed for I-4 engine blocks. Table 4-7 explaihe codes used for the different
conditions shown in Figure 4-44 and Figure 4-45.

In the case of the 14 engine blocks, the residiiaks values indicate some relieving
of residual stress is more restricted comparededylinder samples. The average residual
stresses achieved after prolonged aging was 45 Vs attribute is related to the size of
the engine, from which it can be concluded thae gifays an important parameter on

residual stress relaxation.
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symbol indication to
A Air cooling
C Cold quenching
F Freezing
T6/ T7 Aging at 170°C/ Aging at 250°C
Numeric digits Aging time in hours
(a)
100
@SHT (500C/8hrs)
+ air cooling
80 -

@SHT (500C/8hrs)
+ cold water quench

100 hrs

SHT + 10 hrs 50 hrs

Freezing

200 hrs
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Figure 4-42 Effect of freezing and aging on the developroémesidual stresses in two-
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Chapter 5
Conclusions

The main objective of this thesis has been to inyate the effects of different
casting parameters together with heat treatmenhemevelopment of the microstructural
characteristics, mechanical properties, and rebstuesses in Al-Si-Mg (A356.1) and Al-
Si-Mg-Cu (B319.1) alloy engine block castings. Mistructural assessment was carried out
by using optical microscopy and scanning electracrascopy, while mechanical testing
included tensile testing and hardness measurer®agidual stress measurements were
carried out using the section technique.

This Chapter presents a summary of the researdin§ia and conclusions obtained
from this study, following which, a number of sugtiens and recommendations for
further research have been provided. The conclasiare divided into two parts,

corresponding to the Sections | and Il of the tsspilesented in Chapter 4.

Section |

This part represents the findings related to tlhegtioan between residual stresses and
microstructural evolution in Al-Si alloys based different casting parameters. From an
analysis of the results presented in Section | ledg@er 4, the following conclusions may
be drawn.

1- Residual stresses evolved during different heattrtients were compressive in

nature.



187

2- Results obtained for both A356.1 and B319.1 allimgBcate that highest residual
stresses are obtained after quenching in cold wakereas in all condition, air

qguenching produces no significant residual stresses

3- T6 and T7 treatments show a gradual decrease ituedsstresses that is clearly

noted in A356.1 alloy.

4- Stress relieving treatments (T6 and T7) lead tordhaxation of residual stresses.

Also, the rate of relaxation increases with increg$emperature and time.

5- Cutting direction has considerable effect on theasured residual stresses. It is
obvious that the cutting only in the vertical diien does not show any residual

stress relaxation in both A356.1 and B319.1.

6- Solidification rate has significant effect on thevdlopment of both microstructure
and residual stresses. Samples solidified at fEtgsmresult in better SHT attributes

such as better dissolution of alloying elementslagtter Si particle spherordization.

7- Significant increase in the residual stresses sended in specimens with lower

SDAS; thus, SDAS has a significant effect on thel@ion of residual stresses.

8- Specimens with large SDAS tend to relieve resigtralsses more readily compared

to specimens with low SDAS.

Section Il

The results presented in Section Il of Chapter dregbed the development of

residual stresses and mechanical properties mneguttbom the use of different quenching
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media, cryogenic treatment, and aging conditioamerature and time). Samples tested

were obtained from actual 14, V6 and V8 engine kéod-rom an analysis of these results,

the following conclusions may be drawn.

9- After quenching, the residual stresses evolvedgine blocks are the same either
for the whole block (four cylinders) or for the sened half-block (two cylinders).
10-Solution heat treatment and freezing (cryogeniatinent) led to maximum amount
of residual stress relaxation where 50% of thedredi stresses were reduced after
the solution heat treatment step.

11-With freezing, around 30% of residual stress rellaxamay be obtained. Increasing
the freezing time or the use of cyclic freezing hassignificant effect on relieving
the residual stress.

12-Air cooling produces the highest residual stressgspared to warm water or cold
water quenching. This indicates that in the caseewine blocks, reducing
cooling/quenching rates increases the residuatstsedeveloped within the engine
blocks.

13-In spite of the effect of quenching rate, residsiabsses are gradually relaxed till
they reach the limit at 20 MPa.

14-For low aging times, T6 aging has no significariéefon the relaxation of residual
stresses, whereas T7 aging diminishes the evolesidiual stresses significantly
even at low aging times. This shows that aging &nadpre is the one of controlling
parameters in residual stress relaxation.

15-Two-cylinder engine blocks undergo greater residiigdss relaxation after aging

compared to that observed in four-cylinder engiloehks.
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16-The effect of aging is directly related to the stfethe casting as large castings
(four-cylinder engine blocks) show higher softenireges than smaller castings
(two-cylinder engine blocks).

17-The variation in the development of residual seessas found to be insignificant

for I-4 and V-6 engine blocks.
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Recommendations for future work

The data obtained in the present research studyded an understanding of the
impact of heat treatment on the development of estcucture, hardness and residual
stresses in B319.1 alloy castings, more specifidallthe case of engine blocks with cast
iron liner inserts in the cylinder region, in order investigate the effect of dissimilar
materials in contact with each other on the redidtrasses formed.

The following points may be explored for the pummsof providing further
knowledge in this field.

1

Studying the development of residual stresses aliveglength of the
cylinder using other measurement techniques suctnade-drilling and
neutron diffraction.

2- Examining the variation in residual stress, and ith@ease in strength
following aging, with variation in solution heaeatment temperature from
480°C to 540°C.

3- Examining the relief of residual strain as a fuotbdf time during solution
heat treatment and artificial aging (T6 and T7 tersp

4- Measuring the tensile properties at the engine atjpgy temperature
(~180°C), to relate the residual stress level toyile&l strength of the 319
aluminum alloys under operating conditions.

5- Conducting creep tests at applied stress levelsralgut to the measured

residual stress to confirm creep as the mechanesponsible for stress

relief.
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6- Studying the effect of cryogenic treatment as ammef residual stress
relaxation, in terms of different parameters sushemperature and heat-up

rate.
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