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ABSTRACT

DEVELOPMENT OF CAST AND HEAT TREATED 7075 ALLOY RIFLE
RECEIVER

G ¢ n gAhmet Umur
M.S. Department of Metallurgical and Materials Engineering

Supervisor: Prof. Dr. Alilk | kanl é

May 2015, 146 pages

Developing technology in thevorld makes products lighter and have higher
strength values. Thét why, aluminum and titanium alloys start to be used instead
of steel. It can be seen that 7075 aluminum alloy is one of the highest strength
amongst the aluminum alloys. This alloy has a close tensile strengthtvaome

stees, with help of the heat teatment applications and developing production
technologiesGenerally, industrial usage of 7075 alloy is machining of 7075 alloy
extrusion slab into desired shape. Howevtebecomesostly and time wastings
making complicatedand hollow products Theefore, near net shape methods like

thixoforming andsqueeze&asting are vital for these conditions.

This work aimed to replaceroduction method ofifle receiver part which is
machired into a hollow structure from extruded T6 heat treated 7075 alloy slab
which cause heavy raw material lost withsted and T6 heat treated preform which
has close tensile properties arekds very little machining to turn into receiver part.
In order toachieve this purposesqueeze casting, thixoforming, sand casting,
gravity die casting SIMA and high pressure die casting experimenere

conducted.



In order to investigate mechanical propertiesashples tensile and hardness tests
were performed. »Ray Diffraction analysis (XRD) and Scanning Electron
Microscopy analysis (SEM) were conducted to determine the intermetallics inside
of samples after heat treatment. Moreover, average grain size of samples was
obtained by optical microscopy technique. N@wan thermal analysis method was

used to compute solid fraction values with respect to temperature and time.

Target mechanical values were determined as mechanical properties of extruded
7075T6 alloy which are 150 HB hardness, 508Pa yield strength rad 11%
elongation.Hardness target was reachafter T6 heat treatmenwith squeeze
castingmethod as 150 HBlie casting with vacuum supponethod as 160 HAnd
thixoforming methodas 173 HB Other methods could not reach the target hardness
and has hardness vatubetween 100 HB and 130 HB. 508Pa yield strength
target was achieved only by thixoforming method with 0.67 solid fraction as 526
MPa. Other close results were 429 Mith squeezeasting method and 365 MPa
with SIMA method. Elongation target was reached by s&std injection molding
method as 11.5% but its other mechanical properties were gbomgation results

of other methods were found to be between 4% and 5%.

Keywords: 7075 T6, aluminum, thixoforming, squeezasting.
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¥z
D¥KM VE | SIL7BFRBEEMLKKI MLI T! FEK GY¥VDE

GE KK KRIE S K

G¢, n g Ahmet Umur
Y¢ksek Lisans, Metalurji ve Mal zeme
Tez Y°neti ci sail:k afrlcéf . Dr . Al k

Ma y 235,146 sayfa

D¢nyada geliken teknol oj i il e beraber, ¢
ol maya baxkl améxktér . Bu sebeple al ¢minyu
-elijin yerine kullanél maya bakl anméxter
géegelkbe 7075 alakemée di kkat -ekmektedir. |
ve eéesél i Kkl emlerle birlikte bazé -elikl
7075 al akéeménén end¢gstriyel kull anémé,

y°ntemeniillenilsdl ine getiril mesi kKeklinde

bok ¢re¢nler yaparken zaman kaybéna ve yg¢

gi bi durumikaeki |l tenditiksove sékeéektérma d
bi-i mdeki ¢rietimemPmnawceninakt ader .

Bu -al ékmanén amaééke¢ekptngemwonokR0T7Tazl a
ile i kKl enen i-i bok yapéya sahip t¢gfek g
yakén d°k¢egm yont emi il e -ok az ri kKlne nkee kgi €
dejiktirilmesidir. Bu amaca ul akmak [
Kekill endir me, kum d°ky¢m, koki | d° k¢ m,
y°nteml er i denenmi Ktir.
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Numunel erin mekani k cCzelli kl erini arakKkter ma

uygul anméexkt ér . | s él i Kkl em sonrasénda, numune
belirl enmesi i -in X ékéné kéeréenéem anali zi (
analizleri (SEM) yapéel mexter. Ayr éca, ortal :
y°ntembeillrl enmiktir. Newt oni an ter mal anal i
bajl é& kate fraksiyon dejerlerini hesapl amakt

Hedef mekani k dej-@6l a@al akekEngnyomre kadv & dej e

belirl enmiktir. Beir tdejker | 205 NMB® &Bma dayar
uzamadér . T6 ésel I K1 emi sonraseénda sertl ik
dek¢em y°nt emi nde, 160 HB ol arak vakum dest ek
HB olarak tiksek e ki | | endi r me y°nt e mintendles hedef ak €l méekt é
sertlik dejerine ulakamayép 100 HB ile 130 |
MPa ol an akma dayancé hedefine 526MPa ol ar a
tksok eki I  endirme y°nteminde ul akél méekter. Di
skeekt érma d°ke¢egm yo°ont emi ve 365 MPa i1l e SI N

hedefi n&kat e eypyae&si yon d°k¢em y°nteminde ul a
dijer mekani k °zellikleri de¢ ke kt g Dijer y©°n

il e %5 arasénda bul unmuktur.

Anahtar kelimeler: 7075T 6 , al ¢mi nyum, k & s mi katée «kekil

d° k¢ m.
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CHAPTER 1

INTRODUCTION

Aluminum cannotbe foundin nature as metal due to its high chemical affinity for
oxygennThat 6s why, it can ithearidu® pumyddegrees o x i d
Aluminum is the second most abundant metallic element in crust of earth with 8%
weight Furthermore, aluminum has various mechanical and chemical properties.

Such as; low density (2.d/cnt) with respect to other popular metals (Steel: 7.83

g/cnt and copper: 8.93 g/ciy high agehardening potential, corrosion resistan

weldability and fabricatiofl, 2, 3]

Aluminum usage at industrial applicatioissincreasingday by day. Aluminum gets
attention because of its low density values and adequate mechanical properties for
many industrial applications. 7075 is one of the aluminum alloys that have relatively
higher mechanical properties than other aluminum alloysuéed 7075T6 gives

highe mechanical properties for 7075 aluminum alloy than othkernative
production methods like casting fmrging. In production of some complicated parts,
extruded 707976 is machined into final shape. If the complicated parts lavwllow

shape or need too much machining, this production costs higher prices. Furthermore,
it is |l ost of time and | ost of raw mater
tried over years in order to get same mechanical properties with ek{r0d&T6
aluminum alloy. However since 7075 aluminum alloy is designémt wrought
processes, desired mechanical properties cannot be achieved with other production
methodq1, 2, 3]



Receiver part of some rifles is made from extruded 70& aluminum alloy for its
durability and lightweight. During its manufacture process, machining and other
methods are used. After manufacturing process is completed, it can be seen that

nearly 75% of aw mat er i al is lost due to the receiyv

Receiver part is the main part of ttie. It is the part that holds trigger mechanism,
stock and barrel. Most rifle receivers have a hollow shapeng&erting trigger
mechanismlt containsan ejection port which is practically a window fefecting
empty shellon the rightside of it Also, there are rifle types that have an ejection
port on the left sidéor left handed peoplgd].

Considering the information givethis study is aimed to mimize the loss of raw
material during machininglTo achievethis goal, mechanical properties of 7075
aluminum alloy with several production methag® investigated Some of these
methods are; thixoforming, pressure die casting, sand castingeamanenmold

casting.



CHAPTER 2

LITERATURE REVIEW

2.1. &xx SeriesAluminum Alloy

7xxx series aluminum alloyare known as havinginc as their main alloying
element.Magnesium and copper cafso be found in these alloys as other main
alloying elements. This alloying group provides high strengtthis light-weight
alloy. 7xxx series are also hdatatable by solutiotreatmentand aging. Aging
process can be done for various cycles. For exarplés done for achievinthe
maximum strength and T73 is fdrigh stress corrosion resistancEor both
instances, alloy must go through solution treatment which dissoitermetallics

or segregated phasieso solid solution completelji].

7xxx series aluminum alloys have dissimilar liquidus and solidus temperatures
considering their chemical composition
phase diagrams are used to acquire liquidus and solidus temperatures for required
alloy. Al i Mg - Zn temary phase diagram can be takesadvantage of determining
liquidus and solidus temperatures. Liquidus projection eMgtZn ternary phase
diagram and solidus projection of -Mg-Zn ternary phase diagram is shown on
Figurel[1].
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Weight Percent Zinc Weight Percent Zine

Figure 1. Al- Mg-Zn Ternary Phase Diagram (Liquidus projection is on the left and

solidus projection is othe right.)[1].

2.1.1. 7075 Aluminum Alloy

This alloy is a member of 7xxx series aluminum alloy familyas developed by
Sumitomo in 1936 for using in Japanese Fighter Planes. As ISO designation, it can
be called as Al Zn5.5MgCu am&B7075 for UNSdesignationlt has 5.1% 6.1%

zinc, 2.1%- 2.9% magnesium, 1.2922.0% copper as main alloying elements.

Chemical compositionf 7075 aluminum alloy is givean Tablel. It has relatively
higher UTS values with respect to other aluminum alloys. 7075 aluminum alloy
may have570MPa UTS values and 505MPa vyield strerafter T6 heat treatment

[5] Different heat treatments provide various mechanical and chemical properties to
7075 aluminum alloyMechanical properties of 7075 aluminum alloy with respect
to various heat treatments are giveffable2 [5].



Table 1. Chemical Compositionf 7075 aluminum alloy5].

Unspecified

other Al

Si Fe | Cu| Mn [ Mg | Cr | Zn | Ti .
elements | minimum

each | total

0400501203021 |0.18 | 51| 0.20| 0.05| 0.15

max | max| 2.0 | max| 29| 0.28 | 6.1 | max| max | max

Bal.

Table 2. Mechanical properties of 7075 aluminum alloy with respect to various heat

treatments§).
Temper UTS (MPa) YS (MPa) EL (%) HB
70750 230 105 17 60
7075T6, T651 570 505 11 150
7075T73,
503 434 13 -
T7351

Liquidus temperatureand solidus temperature can laetermined for 7075
aluminum alloy a$35°C and 477C, respectively by usingl-Mg-Zn ternary phase
diagram Figurel). This is also verified by literatuf®].

2.1.2. 7085 Aluminum Alloy

This alloy is also a member of 7xxx series aluminum alloy farddg5Aluminum
Alloy was developed by Alcoa in 2002. This alloy is developed for the aerospace
industry and other markets due to the demand of an aluminum alloy with improved
thick section propertiedt has7.0% 1 8.0% zinc,1.2% - 1.8% magnesium, 3% -
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2.0% opper as main alloying elements. Chemical composition 85 Zluminum
alloy is givenin Table3. It hassimilar mechanical properties with 7075 aluminum
alloy except for little differencedHowever, it has improved fatigue and fracture
toughness properseThis alloy is designated and commercialized as plate, sheet
and extrusion with various heat treatmentdechanical properties of 86

aluminum alloy with respect to various heat treatments are giveable4 [6, 7).

Table 3. Chemical ompositionof 7085 aluminum alloy6].

Unspecified Al
Si Fe Cu Mn Mg Cr Zn Zr Ti other elements | mini

each total mum
0.06| 008| 1.3 | 0.04| 1.2 | 0.04| 7.00 | 0.08 | 0.06 0.05 0.15 Bal
al.

max | max 2.0 max 1.8 max | 8.0 0.15 | max max max

Table 4. Mechanical properties of 7085 aluminum alloy with respect to various heat
treatmentsT].

Temper | Product | Thickness(mm) UTS(MPa)| YS(MPa) | EL(%)
7085
12.540.0 550 510 10
T711
7085
Plate 12.540.0 470 415 10
T721
7085
75100 505 470 10
T7451

Liquidus temperature and solidus temperatargivenfor 7085 aluminum alloy as
635°C and552°C, respectively [7].It is also provedwith the help ofAl-Mg-Zn
ternary phase diagra(figurel).



2.2. Heat Treatment

Heat treating is an operation to a metal product with heating anhgadbe

material so that, its mechanical properties, residual stress state and metallurgical
structure can benodified and improvedHeat treatment operations are various and

these operations are very broad in the sense of material treatment. However,
aluminum heat treatment operations are often limitedat@lening and increasing

strength for precipate hardenable wrought and castsalltnese types of aluminum

alloys are called as hetatatable alloys. Other type of aluminum alloys are called

as norheat treatable alloys due to their inability to advance in mechanical
properties with heating and cooling. Nbeat treatable aluminumlays make little

di fference when sub| €ese albbyscanoenhéintecthelir t r e ¢

mechanical properties witither methods like cold workir{d, 8].

Temper designation is a system tizatised for heatreatable aluminum alloys. It is

used for wrought and cast products. This system is used for determsegjtience

of the treatment which can beechanical treatment, thermal treatment or both at

the same timeThis temper designation stgm allowsus to have information about

the heat treatment parameters such as time, temperature and quenching rate that is

applied on alloy. Some basic temper designationasafellows[2, 8J;

F, asfabricated: It defines the alloy have not been treatted.
O, annealed: It defines the wrought product is annealed to obtain lowest
strength or the cast product is annealed to increase ductility.

1 W, solution heat treated: It defines the alloy is unstable and naturally ages
after solution treatment.

1 H, stain hardened: It defines the wrought product has been strain hardened
with or without additional thermal treatment.

1 T, heat treated to produce stable tempers other than O: It defines the alloy
that has been thermally treated to obtain stability with ohowut strain
hardenind2, 8].



Strain hardened products system:

T

M

H1, strainhardened only: This definethat the product has been strain
hardened without thermal treatment to obtain desired strength. The
following digit indicates rate of strain hardening.

H2, strairhardened and partially annealddhis defineghatthe product has
been strain hardened motban enough the annealed for decreasing
strength to a desired valughe following digit indicates the remaining
strain hardening.

H3, strainrhardened andtabilized This defines that the product has been
strain hardened then mechanical properties of alloy has been stabilized with
low temperature thermal treatment. This designation is applielibis that
soften with time at room temperatureThe following digit indicates

remaining strain hardenirjg].

T temper designation is used for heat treated alloys to produce stable tempers other

than W, F and O. T temper designation is followed by a digit that describes the

sequence of treatments. Théemper designations are:

T1, cooled from an elevategeémperature shaping process and naturally aged
to substantially stable condition: This defines that the product is not cold
worked after high temperature shaping process like casting and extrusion.
T2, cooled from an elevateeémperature shaping process, cold worked, and
naturally aged to a substantially stable conditibhis designation defines
that product is cold worked than naturally aged at room temperature.

T3, solution heat treated, cold workeand naturally aged to a substantially
stable conditionThis defines the product is solution heat treated then cold
worked and naturally aged at room temperature.

T4, solution heat treated and naturally aged to a substantially stable
condition: This dahes that the product is applied solution heat treatment

then naturally aged at room temperature.



T5, cooled from an elevate@mperature shaping process and artificially
aged: This defines that the product is not cold worked after an elevated
temperatureshaping process that mechanical properties are improved by
precipitation heat treatment.

T6, solution heat treated and artificially aged: This defines that the product
is applied solution heat treatmeaqptenched andrtificially aged.

T7, solution heattreated and ovesged or stabilized: This defindbe
wrought product has been over aged to obtain properties like resistance to
stress corrosion crack.

T8, solution heat treated, cold worked, and artificially ag&kis defines

that the product is solutioheat treated then cold worked to obtain improved
strength. After that, this product is artificially aged.

T9, solution heat treated, artificially aged, and cold worked: This explains
that product is cold worked after precipitation heat treatment.

T10, cooled from an elevategtmperature shaping process, cold worked,
and artificially agedThis pertains that the product is cold worked after a

process like casting and extrusion. Then, product is artificially Higedj 8]

These temper designations &@sic temper designations. On the other hand, some

other designations are made to fulfill the need for specific heat treatments for other

than just strengthening like stress relieving. These temper designations are briefly;

= =A A =

Tx51, stretchedor stress relieving.

Tx52, compressed for stress relieving.

Tx54, stretched and compressed for stress relieving.

T62, solution heat treatednd artificially agedrom the O or the F temper
[1, 5, 8]



2.2.1. Precipitation Heat Treatment

Alloying is aneed for strengthenmgnaluminum, since it has very low mechanical
properties. Most of the aluminum alloys are created due to developing an alloy with
desired mechanical properties. While doing this, most of the inventers considered
alloys with particleswhich impede dislocation motion dispersed in ductile

aluminum matrix. If the dispersiaa finer, the alloy is strongéf, 2, §.

This kind of dispersion can be obtained by selecting an alloy which is single phase
at high temperatures but, cooling itlMprecipitate another phase in the matrix. If
hardening is occurred in this precipitation, it is called precipitation hardening or age
hardenind 2, 8].

The major precipitate hardening aluminum alloys are:

Al-Cu systems are strengthening from GuAl

Al-Cu-Mg systems (precipitation is intensified by magnesium).
Al-Mg-Si systems are strengthening from J8g

Al-Zn-Mg systems are strengthening from MgZn

=4 =2 A 4 -

Al-Zn-Mg-Cu systems [8].

Precipitation strengthening of a susaturated solid solution neeflsmation of
finely dispersed precipitates by natural aging or artificial aging. The aging must
take place below a metastable miscibility gap called the Gtitreston (GP)
zones. The super saturatiohvacancies let zone formatidaster than equilibrion
diffusion coefficientgdue to diffusior{8].

Firstly, solute atoms form clusters near vacancies. Coherent precipitates forms after
adequate atoms diffused into these vacancies. Solute clusters are surrounded by a
strain field due tahe mismatch of theolute atoms clusters to the aluminum matrix.

Semicoherent precipitates are formed after an amount of solute atoms diffusion to

10



the clusters that the matrix can no longer hold. Finally, equilibrium precipitates are
formed after semacoherent precipitateget larger to enough size and the matrix can
no longer accommodate the crystallographic mismatch. This is the explanation of

precipitation in the most commdreat treatable aluminum alloys [2].

2.2.1.1. AtZn-Mg-Cu Alloys

As precipitation sequense thee arefour sequences in 7xxx series aluminum

alloys. The sequensean be seen belof&]:

Ussto S
Ust 0 TO to T
Ussto VRCto GPZtal 6 t o

Usst © d

w0 NP

First precipitationsequencendicates the formation of S phaadich is Al,CuMg.
This phase is precipitated from supersaturated solid solution directlyphassis

a course intemetallic which is insoluble in 7xxx alloys at 465[2].

Secondsequence showthe T phaseformation T 6  p i ansirdermediate phase
that occurs in the decomposition of the supersaturated solid solutititer, T 6
phasetransforms into the equilibrium T phase which can be called ags(Mg
Zn)49. Also, T phasds incoherent with the aluminum matrix and gerlgral phase

only precipitates above 28D [2].

Third sequenceansists of vacancy rich clustéwrmation, GuiniefPreston Zones
formati on, dqé formation ando6ét pbaasdg [ er Mme
prior to d f or m&udrtheonore, &R zoones are iis sphidig orm and
MgZn,is in plate fornfor this serie$9].

11



Final sequence indicates formation of d dir ¢
[1,2,8]

GP zones precipitation and semmio her ent dqo0 phaseromgakes 7 XXX &
Furthermore, g6 precipitates can be for med
unique precipitation behavior of AIn-Mg alloys. Also, deformation doesot

affect precipitation behavior of this alloy when applied before agiig.zones can

be seen abigher temperaturefue tocopper existence in GP zon@XXX alloys

haveimprovel stability when compared to An-Mg alloys. However, copper do

not affect the basic precipitation mechanism on these dlloys

This precipitation hardening provides X&x series aluminum alloys increase in
hardness and improved mechanical properfledle 2 showsthe effects of heat
treatmenbn mechanical properties @075 aluminum alloy.

Solution heat treatment is a must for precipitation hardening for 7xxx series
aluminum alloys. To obtaia good solution treatment, alloy must be heated over
465°C for dissociationof Al,CuMg phasend other phasesto solid solutionAlso,

usage of48(PC for solution heat treatmeig recommended by ASTNL1]. Alloy

should be soaked into this temperature for an enough time for complete formation
of super saturated solid solutio@n Table5, solution treatment times for vaus
thicknesses are giveAfter achieving super saturated solid solution, alloy must be
guenched with adequate cooling rate. This quenching procedure is the vital part of
having metestable super saturated solid solution at room temperature. Otherwise,
heat treatment does not provide expected mechanical properties to th&Saltmy.
precipitates will be formed and super saturated solid solution cannot be obtained.
Quenching rate is mentioned as 30D& which is a relatively higher than most of
other alunmum alloys[8]. Quenched 7xxx serieduminumalloys like 7075starts
agingat room temperaturgpontaneouslyT hat 6 s why, precipitation
should be applied to 7xxx series aluminum allaydess than an hour on room

temperature and less tha@rhours for low temperatures after quenching [1, 2A8].
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comparisorcan be made between various alloys for tB&¥ of maximum tensile

stresses inFigure 2. Figure 3 demonstrates theffect of temperature on natural

aging of 7075 aluminum alloy after quenching. After this quenching step, artificial

aging treatmet is applied to quenched 7xxx series aluminum alloy. Different aging

times and temperature provide various tempers and mechanical properties. T6 and

T73 temper timeand temperatures are given ilglre 4for 7075 aluminum alloy

Also, this figure gives us ability to determine the time and temperature range for
desiredyield strength. As illustratedhiFigure4, T6 temperwhich gives the highest
yield strengthcan be obtained on 7075 by heating it up to°C2@mperature for 24

hours[8].
600 1110
m——t——t——==== 930
’,‘/_: N i I R o
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Figure 2. Time-temperaturgroperty curves at 95% of maximum tensile stress for

various alloyg8].
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Table 5. Soaking Time for Solution Heat Treatment of All Wroughoducts [2].

Soaking Time (minutes)

Salt Bath Air Furnace

Thickness Maximum Maximum
(inches) Minimum (alclad only) Minimum (alclad only)
0.016 and below 10 15 20 25
0.017-0.020 10 20 20 30
0.021-0.032 15 25 25 35
0.033-0.063 20 30 30 40
0.064-0.090 25 35 35 45
0.091-0.124 30 40 40 50
0.125-0.250 35 45 50 60
0.251-0.500 45 55 60 70
0.501-1.000 60 70 90 100
1.001-1.500 90 100 120 130
1.501-2.000 105 115 150 160
2.001-2.500 120 130 180 190
2.501-3.000 150 160 210 220
3.001-3.500 165 175 240 250
3.501-4.000 180 190 270 280

2.3.Thermal Analysis

Thermal analysis has broad usage in steel and foundry industries. It is used to
control the quality of products that is made in those industries. Cooling curves are
used in constructing early phase diagrams. On the other hand, relatively new
methods, like differential thermal analysis and thermodynamic calculations,
removed the undercooling effect in many phase diagr&msexample, liquidus
temperatur es wehemnal analysi@han by witierentidsganning
calorimetry (DSC) [12]

DSC identifes melting points and latent heat more accurate than cooling curve
analysis for metals and alloys. DSC basically determines the heat amount that is
absorbed or evolved by heating, cooling or keeping at a temperature from a

material However, DSCcan only aalyzevery small samples which araostly

15



recommended up to 10mg. ouBdimafouddsyshopsyl?, i t
13].

A suitable candidate is cooling curve analysis (CCA) which is simple and feasible
for commercial applications. This method is a consistent method which was used in
past for generating phase diagrams. Although, CCA can be done in several ways,
computer aideé cooling curve analysis (CA CCA) has widespread usage for
metallurgical purposes.This technique enables us to obtain total latent heat and

fraction solidfor multi-componenglloys from the cooling curve [12

In this method, determination of zero cerfor baseline) is vitaZero curve is the

first derivative of the cooling curvevith assumption oho phase transformation
during solidification within the temperature range. As simple, it is the extension of
thesingepase regiono[$2].fi rst derivative

There are two common methods for cooling curve analysis. First one is Newtonian
method which creates zero curve with assumption of there is no thermal gradient
and need a single thermocouple. Second one is Fourier method that creates zero

curve astinction of temperature and need two thermocoyilés

Zero curve can be obtained by a curve fitting tool with a relevant software in
Newtonian method. For this purpose, phase transformation zones must be excluded
from the first derivative of cooling cue for drawing a polynomial line from one
singlephase region to other singbdase region which starts at solidus and ends at

liquidus points.

Newtonian method requires a thermocouple placed at the geometrical center of the
cooling material. This methodssumes there is no thermal gradient. Also, if Biot

number(Bi) is less than 0.1 for a metadold system, this assumption is valid.

Adrian describes the Biot number as Nt he

compares the relative transport réemiges, external and interral.

16
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Q

Where h is heat transfer coefficient, t is thickness and k is thermal conductivity.

filt arises when formulating and nalimensionalizing the boundary conditions for

the typical conservation of species/energy equation for heat/mass transfer
probl emso [ 15] . | f t he Bi ot number i s
conduction is faster in cling metal than the metahold interface. As a

consequenceemperature gradients may be negle¢ieq.

Fourier method requires two thermocouples that one of them on the geometrical
center of the sample and the other one is near the-metdlinterfae. Zero curve

is generated by analyzing the data from two thermocouples and including them in
Fourier equations that calculates the zero curve. Zero curve is a function of

temperature in Fourier methti].

Different zero curves can be obtained from feuand Newtonian methods.
However, Fourier method is expectedpi@vide more reliable result since, it uses
actual temperature field&cigure 5 shows the difference between the zero curve of

Newtonian method and zero curve of Fourier method 8%56AAI alloy [12].
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Figure 5. Zero curve (baseline) differences between Newtonian method and Fourier
method of an 856 Al alloy (Al-7%Si) [16].

2.3.1. Solid Fraction Calculation

Solid fraction isan essentiainformation for processes that operates at ssofid
temperatures like thixoforming. Solid fraction can be calculated from integration of
the area which is between first derivative of cooling curve and zero curve
(baseline) Newtonian method can be uskedcalculate the solid fraction easily, due

to unnecessity of thermal properties during calculation. Comparison of Newtonian
and Fourier methods on sbifractionvaluescan be seemiFigure6 which shows

that there are some differencespecially between th&l-Si eutectic temperature
andliquidus temperatureOther parts of the figure have little difference which can
be neglectell2].
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Figure 6. Comparison of Newtonian and Fourier methods on solid fraction for

A356 alloy with cooling rate of 0.55 AC/ s
2.4. Production Methods

2.4.1.SemiSolid Metal Casting

Massachusetts Institute of Technolagythe one that first discover the sesoiid
processing in 1971 [17]After this important discovery rheocasting and
thixocasting process routes are introdu¢&d]. Nowadays, these processes and
other processes related with sesulid processing are kwn as Semsolid metal

(SSM)casting There are three basic requirements for Saktingwhich are:
1 A grain structurevith nondentritic or spherical,

1 Solidliquid region

I Suitable solid fraction

19



The SSM processing developed around obtaining a globulastiwe as alloy in

semtsolid form. There are three main process routes which are:

1 Thixocasting This process consists dhree stages. First one is to
preparation of a solid feedstock with globular structurgttdr one is the
heating the solid feedstock atitenshaping [17].This process can be seen
schematically irfFigure7 andFigure8.

1 Rheocastingliquid metal is cooled under controlled conditions to obtain
globular structure and shaping take place immediatethignprocess [17].
Figure7 andFigure8 illustraterheoforming méhod schematically.

1 Thixomolding Magnesium alloy flakes are sheared and heated before

injection to a mold with a plastic injection molding machine in this process

[17].
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Conventional Thixocasting Rheocasting
casting process

Cooling
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. P

Figure 7. Cooling curves comparison of thixocasting, rheocasting and conventional
casting processedMicrostructure comparison of thixocasting, rheocasting and

conventional casting procesg4as].
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Table 6. Feasibility table ofthixocasting, rheocasting and conventional casting

processefl9]. (4. Excellent, 3. Good, 2. Somewhat Poor, 1. Poor)

High Low
i i ) ) Squeeze
Properties Rheocasting| Thixocasting Casti Pressure Pressure
asting . . . ]
Die Casting | Die Casting
Shrinkage porosity 4 4 3 2 32
Blow Hole 3 3 3 1 3
Segregation 3 3 2 3 3
Microstructure Globular Globular Dendritic Petal Shape| Dendritic
Mechanical
) 34 34 3 1 2-3
Properties
Wrought Allo
9 ) Y 4 3 2 1 2
Application
Hot Tear 4 4 2 1 3
Metal Fludity 3 2-3 4 4 3
Casting Cycle Time 3 3 2 3 1
Die Life 4 4 2 3 3
Product Cost 3 1 2 4 4
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Thixocasting

Feedstock Preparation Reheating Forming Processes
Casting
Grain refinement and/or
MHD or Mechanical Stirring
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2.4.1.1. Thixaasting
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Figure 8. Schemati illustration of the thixo antheocastingmethodq20].

There are three stages of thtasting These stages are preparation of feedstock,
heating the feedstock and shaping. All of these stages have different method
variations. Moreover, these stages should be done properly in order to get desired
results. Thebenefits of the thixcastingroute arethat having control overthe




feedstock quality, chemical composition, and gas contavitich provide high
quality control[20].

2.4.1.1.1. Feedstock Preparation

There are many techniques to be used for feedstock prepatdtimever, four of
them are geing attention due to their stability and feasibility. These four methods
are; mechanical stirring, magnetohydrodynamic stirring, thermomechanical

processing and grain refinemggo0].

Mechanical stirring basically consist of stirring of molten metal as it is cooling
down. Early methods werdased on batch production, but later on continuous
process is discovered. However, continuous process could not be commercialized

due to problemskte contamination and oxation [20Q.

Magnetohydrodynamic stirring continuous casting process is almost same as
conventional direct chill continuous casting processes. However, in this method
molten metal is stirred by a rotating electromagnetic fieltigasd metal solidifies.

That s why dendrite formation is avoided
processes. Vertical, circumferentiat both stirring methods are used to produce

vertical or horizontal feedstocks [RO

Thermomechanical prossing is a solid state method which relies on initiating
recrystallization by strain inducing. There are two main methods for this process;
strain induced melt activation (SIMA) and recrystallization and partial remelting
(RAP). The SIMA consists of extruen of material above the recrystallization
temperature before cold workif@1]. In the RAP processmaterial is extruded
belowthe recrystallization temperature to obtain the critical stra#h. [Schematic

of SIMA process and RAP process are giveRigure9.
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Figure 9. Schematic of SIMA (a) and RAP (b) procesgy.

Grain refnement method controls nucleati process thus, globular microstructure
can be obtainedChemical grain refiners or other technique® Idooling slope can
be used fothis methodThese techniques limatentritic formation by creating large

amount of nuclei.

Other methods for feedstock preparation are:

Passive stirring,

Spray casting (Ospyeprocess),
Liquidus casting,

Ultrasonic treatmet,

Powder ompaction,

= =4 4 A4 A -

Single slug productiof20].
2.4.1.1.2. Feedstock Reheating
Feedstock reheating is an important step for thixoforming because, this step have
direct effect on the properties of final product. However, there are many parameters

to be achieved. These parameters are; heating the feedstock to the desired

temperature qakly, to obtain homogenous temperature distribution, minimal grain
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growth and repeatability of the proce3shat 6 s why, radiation/ conve

and induction heating is evolved for this purpfz.

Radiation/convection heating was used in indaktreating of billets for semisolid
forming in the mass production of automotive components.ativantages of this
technology were the low capital costs agalsy process controlHowever, this
technologywas notusedcommonlydue tothe limiting parameters aslow heating
cycle[23].

Induction heating is a more preferred technique than radiation/convection heating.
The reason of this, induction heating provides higher heating rates in process.
Unfortunately, some problems like overhegtof skin and corners of the billet can

be observe(i23, 24. Luckily, most of these problems can be overcome by different
coil designs and heating strategi®oper process controls can makeuction
heating providing high heating rates with a high degr of control over billet
temperatures and properti&s, 25.

2.4.1.2. Rheoasting

Rheocastingbecome prominent in mi#l990s due to the high cost of the
thixocasting route. Since mid1990s many developments are achiewedthis
process. Main focus wasn the producing globular structure SSM slurries from
liquid metal directly. It was seen that achieving this purpose was through the control
of nucleation and grain growth process. Adequate nucleation was needed as
controlling the grain growth in order tavoid dendritic formatiorfor obtaining

globular structurg¢26]. Developed processes can be sum up under three categories:
1 Nucleation

1 Nucleation and active contact stirring/sheaying

1 Nucleation and active noncontact stirring
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2.4.1.2.1. Nucleation Bask

There are many processes which are developed based on nucleation mechanism.
However, two popular ones are New Rheocasting (NRC) and Cooling Slope process
(CSP)[20].

New Rheocasting (NRC):

This processis composed opouring thesuperheatediquid metal intoa holder,

which causegormation of copiousmount of nuclei. Then, these nuclei grow into
globular microstructurey slow cooling After this stepa temperature adjustmaast
made byinduction heating andhaping take placé schematic illustration of the

new rheocasting process can be sedfignre10[20].

Rheocasting Process

Suuryinversion B Casting | Product
0

» =
»@ .»

Figure 10. Schematic illustration adhe NRC rheocasting process (UHED].

Biscuit and runner

Cooling SlopeCasting(CSP):
CSP process can be explained by following stépstly, slightly superheated

slurry is poured onta cooling slope withinclination. This cooling slope helps large
amount of nucleformation. Afterwardscooling slope cause liquid metal to cool
down to the serrsolid range. Then, this serwolid metal flow into an insulated
container where slow cooling occurs to desired SSM tempef@10r29g. Prepared
slurry can be used itherforming processes @olidify to use forthixoprocessing.

Figurellillustrates cooling slope procelX].
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Figure 11. Schematic illustration of the cooling slopastingprocesg20].

Other nucleation basexstingprocesses can be sorted as:

= =4 4 -4 -4 -4 -2 a2 -5 -2 -2

Direct Thermal

Subliquidus CastingSLC),

Continuous Rheoconversion Process (GRP)
SelfInoculation Method (SIM)
In-LadleDirect Thermal Contrgl
Rheocontainer Process (RCP)
Cup-Cast MethodCCM),

Serpentine Pouring Channel (SCP)
Inverted ConeShaped Channel Process
Controlled Nucleation Process

The Damper Cooling Tube Meth¢20].
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2.4.1.2.2. Nucleation and activeontact stirring/shearing

Advanced Semisolid Casting Technology, Honda:

This processontains stages as mechanical stirring of madteiminumalloy and

the transfaing of the semisolid slurry to a conventiondligh pressure die casting
(HPDO machine for component producti¢@9, 3Q. Figure 12 is the schematic
illustration of the advanced semisolid casting technology rheocasting process
developed by Hond§0].

Moving Agitator

Heat resistant
packing

Figure 12. Schematic illustration of the advanced semisolid casting technology

rheocasting process developed by Hof(y.

Semisolid Rheocasting (SSR) Process:

SSR processalso known as mechanicatirring melt conditioning,was first
developed at the MITThis procesdakes place as a cold rotating rod is put into a
molten metal which is slightly over liquidus temperature. The cold rotating rod
stays in the molten metal untiholten metal cool dowrbelow the liquidus

temperature. Furthermore, this allows nucleation and applies the necessary shear
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forces to produce the SSM microstruct{iBd, 33. After removal of he rod the

slurry is allowed to coolko the desired temperatur@s the slurry reache to the
desired temperatuyé is transferred into a HPDC machine and injected into the die.
Figure13 demonstrates how the SSR process happens with a schematic illustration

andtemperature time graph of stgg$)].

Step 1 Step 2 Step 3

1 I

STEP 1 STEP 2 STEP 3

Temperature

Time

Figure 13. Schematic illustration of the semisolid rheocasting (SSR) pr¢2eks

Other nucleation and activeontact stirring/shearing based processes are given

below:

1 Low Superheat Pouring with a Shear Field (LSPSF) Process
1 The Swirled Enthalpy Equilibration Device
1 Rheomolding

o Rheodiecasting Process
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o Taper barrel
o Rotating Barrel Rheomolding Machine Progess
o Forced convection rheomolding process

1 Rheometal Process

1 GaslInduced Semisolid Metal Process

1 Melt Spreading and Mixing Technique (MSM[EQ].

2.4.1.2.3. Nucleation and active noncontact stirringasting

The Hitachi Process

The processoverspouringa molten metal into &ertical injection shot sleeve then,
stirring electromagnetically and cooling it as it is in the shot sleeve. After desired
conditions are obtained seswlid metal is injected to the dia3)].

Other processes are given below shortly

Advanced Rheocasting Process a.k.a Hdago Casting Methqd
In-Mold Rheocasting Process
Novel Hot Chamber Rheodiecasting Progess

Multielectromagnetic Stirring Continuous Preparation Prqgcess

= =4 A4 A4 -

The Council for Scientific and Industrial Research Rheotwga8ysten]20].

2.4.2. Squeeze Casting

Squeeze casting (SC) was first patented by Hollinggraki819 [34]. Then,
Chernov improved the idea by applying steam pressure to the molten metal in 1878
[35]. However, commercialization took place after 1960 for the production of
aluminum automotive part#\lso, other alloys, steel and cast iron have been used
[36]. Furthermore, the most distinguished application for SC was achieved by
Toyota with production ofalloy wheels in 1979.Recently, squeeze casting

technique is used for metal matrix composites and magnesium alloy production

[37].
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SC is a combined process of permanent mold casting and die forging. In this
method, specific amount of molten metal is poune a die mold, which is
preheated and lubricated, and applied pressure until solidification is completed. Fine
microstructure can be obtained by increased cooling rate due to applied pressure
before, during and after solidificatiomhis applied pressargenerates metdie

walls contact and increased heat fl{20].

High pressure during process also causes macro and micro shrinkage porosity
prevention or eliminationMoreover, porosities, which are formed due to dissolved
gases, are limited by applipdessurd20].

SC products are resulted with fine grained, weldable, heat treatable and denser.
These propertiend to excellent mechanical properties and surface quality. SC can
produce more complex part with reduced ladnod material cost than forgg [20]
However, mechanical properties of SG dower than forging because, plastic
deformation does not create hardening unlike forging. Also, applied pressure is
between 50MPa and 300MPa which is lower than forfgg 39.

Relatively low ram velaity, which is about 0.5 m/gnables low turbulence during
transferring liquid metal into the mold. Because of this low turbulence, air
entrapment and porosity formation possibilities are avoiBladhermore, growing
dendrites are broke down and shrinlagee covered by ram pressure during
solidification[40Q].

SC dies have thick gates in order to avoid premature solidification. Also, thick gates
help to maintain low flow speed. Accuracy of dimension for SC is: 0.25mm in
100mm to 0.6mm in 500mia1].

SC applications cover aluminum casting for automotive parts, brass and bronze for
bushing and gears, steel for missile parts and pinion gears and ductile iron for
mortar shell§39, 43.
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2.4.2.1. Squeeze Casting Methods and Parameters

There are two SC methsdvhich are direct squeeze casting and indirect squeeze
casting. The differences and principles of these SC methods ar mivthe
following paragraphs [20]

Direct squeeze castingethod which is called as liquid metal forging as wel ha
similarity with forging processin this method, specific amount of molten metal is
poured into the lower half die mold, which is preheated and lubricated, and upper
half die mold closes on the lower half die mpi@, 44. Closed upper half die mold
drives molten metainto the cavity with applying pressure during solidifioa

which forms casting shape [20]

There is no need for runners, gating systems and risers for this system which is a

great advantage. That 6s whyndowputriseryt n

o

high[36, 41, 43 On the other hand, scrap rate can be high, if the specific volume
of the molten metal is surpassed. Furthermore, direct SC can produce porosity free
casting but, oxides and inclusions can be seen due to the lack of ridheds.

To sum up, direct SC have many advantages and disadvantages however, it is

mainly used for productioaf relatively simple geometries [20]

Figure 14. Schematic illustration dfirectsqueeze die castifgo].
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Indirect squeeze castingethodis generally avertical indirect squeeze casting
process.This method is a mixture of high pressure-casting (HPDC) and low
pressure dieasting (LPDC) methods. Molten metal is poured in the shot sleeve
which is slightlytilted. Then, shot sleeve moves to a vertical position to push the
molten metal in the die cavif#5]. Die cavity is above the shot sleeve which makes
this process a countgravity processShot sleeve keep applying pressure until
solidification is compdted. Applied pressure is kept constasafioke, during and
after solidification. As comparison is made with a direct SC machine, in direct SC

machines amore complex and expensiwgaching20].

The flow speed is kept low to evade turbulence which kdepfiow front flat and
help ventilation of air entrapped. In some cases, metallic mesh filters can be used in

gate for inclusion reduction in the prod{i4d].

The cost of the product is higher than direct SC due to the scra@ratbe other
hand, speific volume of molten metal is not used in indirect SC unlike direct SC.
To conclude, indirect SC method has higher commercial use than direct SC,

although itis more complex and expensive [20]

| LILD_ILI

(b)

Figure 15. Schematic illustration dhdirectsqueeze castin@O].
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Numerousprocess parameters are effective on both direct squeeze casting and

indirect squeeze casting. These parameters can be ordered as {86\83; 39.

1 First parameter is the quality of alloy and alloys itself. Melting temperature
and thermal conductivity of alloy is very important in terms of die life and
selection of die temperature. Henad, and Mg alloys which have low
melting temperature should beeferred in squeeze casting operations.
Furthermore, metal cleanliness affect inclusion rate in the product.

1 Since amount of the molten metal is vital in direct SC, systems that prevent
excess amount of molten metal transfer into the mold should be used.
Overflows and compensating hydraulic pistons can be used

1 Die temperature and punch temperatures should be observed, in order to
have control over heat transfer rate and solidification. Range betwe¥d 200
and 3006C is recommended for Al and Mg alloys. Heghtemperatures can
cause surface defects and metallization while low temperatures can cause
premature solidification and cold laps. Also, graphite based hrigccan
be applied to the mold.

1 The time between pouring the molten metal in the die and aftapplied
pressure onto thenolten metal is called as time delay. Time delay is an
important parameter for reducing shrinkage porosities. However, there are
many opinions on this subject. Mostly, 6s is used as time delay but it is up to
1 min for largecomponentd46]. As some researchg47, 4§ claim that
optimum time is the midway between solidus and liquidus, some researchers
[37, 49 claim that alloy should be mainly liquid as pressure starts to be
applied.

91 Die coating and lubrication agents varythwrespect to die material and
casting alloy. For instance, water based colloidal graphite can be used for
nonferrous castings. Furthermore, coatings can be used for SC die molds.
However, thickness of coatings and lubricants should not exceed 50 mm in

order to prevent coating stripping addmaginghe casting.
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1 Other two important parameters are duration aragmitude of applied
pressureBecause, solidification temperature thus, microstructure of product
is greatly related with pressureAn explanationcan be made by using

Clausiu$ Clapeyron equation.

(9]

Y'Y Y Yo
YO Y&y
In this equation, i s equilibrium melting temperat

vol ume di ff er enc e sistbheflatehtheptwi fukipna ogpd $ 6l i d, (
temper atur e diid pgressure mitfeeenca fTa n dopP apd

negative due to shrinkage and released heat by the molten metal during
solidification. Consequentl vy, T/ P i s pc
applied pressure is resulted with higher solidification temperg20te

2.4.2.2. Process Advantages, Disadvantages, and Defects

Applied pressure and slow filling provide a shrinkage and gas porosity free product
for squeeze casting. As a consequence, SC products attecla¢aible and weldable.
Furthermore, near net stepastings with high surface finish can be obtained by SC
method. High pressure application provides decregssd size and dendrite arms
which improve mechanical properties of the produlthe reason for this is

increased molte metatdie heat transfenate [20]

Ferrous and noferrous castings can be done without any cast composition or
wrought composition differentiation is made by SC. Moreover, from 10 g to 5 kg
casting can be produced easily. Automated operations are sgitadglescraps can

be ecycled in SC [20]
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On the other hand, there are also some disadvantag#s dfacrosegregation can
be observed with high temperature gradients. Macrosegregation causesfoon
microstructure and mechanical propertiesrtirermore, etectic can be yshed to
the surfacewvhich cause surface defedtsome high segregation elements exist in
the alloy[20].

Frankly, foundry defect can be observed like porosity, inclusions, cold shuts etc.

when process parameters are not taken into acgaojnt

2.4.3.Gravity Die Casting

Gravity die casting which is also called as permanent mold casting, is casting
method. Two or more metals molds are used repeatedly to produce same shape.
After metal molds are assembled or placed in order to perform a caswign

metal is poured into the molds with the help of gravity. This process can be called

as sempermenant mold casting wheand or plaster cores are used [50]

Gravity die casting is more preferalfler high volume productions. Moreover, it
should be considered that product should have uniform thickness and need
uncomplicated coring. On the other hand, complex casting can be achieved with

high production amounhat will compensate mold costs [50]
More uniform casting with lower dimensional toleran@re performed by gravity

die casting as it is compared with sand casting. Furthermore, good surface finish

and higher mdwanical properties are obtaingd].
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Unfortunately, there are some limitations for gravity die casting. These limitations
are[50]:

1 Gravity die casting limits the number of alloys that can casted.

1 Low amount production is not feasible due to high tooling cost.

1 Certain shapes are not suitable for this technique due to some problems like
parting line, undercuts and removal of dies

1 Coatings are necessary in order to increase die life.

2.4.4. VacuumAssisted Gravity Die Casting

This method is a combination of gravity die casting and vacuum. Although there is
not much information on this method in literature, it is known that wacisuused

for reducing gas porosities and blistg26]. Also, it can be said that vacuum helps
the molten metal filling the moldsincevacuum apparatus is at the end of the
vertical die.

2.4.5. Sand Casting

Sand casting is a very ancient casting prookstestructible sand mold is made for

a specific product and molten metal is poured into this mold for sand casting
processHowever, sand casting is still used due to the design possibilities that are
shape ad size[50].

Silica and zircon are the most used sands in aluminum casting although, zirconia,
olivine and chromitare used in sand casting processes. Silica sands that are used in
foundries mostly consist of quartz (S)O On the other hand, some fauso
impurities ca be found in this sand like &, or FeOTiO,. The reason of silica

sand usage in foundries is its low cost and availability. Unfortunately, volume

changes in silica during heating can cause some defects in the casting. For example,

at 573C thereisU t o b transformati on whi ch cause
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above 86%C, b to tridymite transformation
[50].

Quality of the mold is related with the size, shape and distribution of sand grains.
Shape of grais affects the sand surface area. Permeability of the sand is related
with the size distribution. Size, shape and distribution direztigct the binder
amount that must be used in the mold. Sithaeder amount must increase as sand
surface increase in @er to have required mechanical properties. Round grains need
less binder amount due to their low surface to volume ratio and they are favorable
in core making. However, angular grains need more aggregates due to their surface

to volume ratid50].

2.4.51. Green Sand Molding

The sand molds that can be transformed to-btayded sand by water addition is
called as green sand. Bentonites and fireclays are the most common clays that is

used for aluminum castirf{§0].

Bentonites are a kind of a montmorillonite thateigpandingwith water addition

and shrink with dryingThere are two kinds of bentonites that one of them replaces
its Na atoms with aluminum atoms and the other one replaces its Ca atoms with
aluminum ators. Bentonites provide plasticity to the sand. This plasticity helps
compensating the volume change effects in silica. Fireclays are compromise of

kaolinite.Fireclays are refractory and have low plasti§ig].

Sand mold gases form as the molten metal is poured into the sand mold. These
gases are result of binder decomposition. At this point of casting, permeability of
the sand mold becomes important. If the permeability is not sufficient these gases

can cause ding defects by disrupting metal flow or damaging mold walls. On the

0C

ot her hand, these gases avoid met al pen

balance must be obtained in the sand mold. Furtherrasmolten metal is poured
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into the cavity, sand gmns are subjected to heat of molten metal. This leads
expansionon neighbor sand gram In order to maintain cavity shape, these

neighbor sand grains should not be dgb66¢

2.4.6. Grain Refinementn Aluminum Alloys

Grain refinement is a method févaving fine (smaller) grains in alloys. Proper
usage of grain refinement methods provide a fine grained structure in all aluminum
alloys. Most common methods for grain refinement are master alloys of titanium or
master alloys of titanium boron additionafuminum alloys. AlTi based additives
usually have 0% Ti while AFTi-B based additives have 612 B. Grain refiners
should be added in operative quantities to give optimum results. There are forms of
grain refiners for specific usage. Rod form wrouggiiners are used for continuous
casting systems. Also, it can be found in short lengths for foundry use. Same grain
refinement composition can be found as waffle fo®@alts that are usually in

compacted form can be found to form T4Ak TiB,[50].

2.4.6.1. Grain Refinement Mechanisms

Actually there are no commonly accepted mechanism theory exist. There are some
theories but, none of them persuade all researchers; &ffdcts nucleation of
aluminum crystals. This is because crystallographic lattfscisg similarities
between TiA4 and aluminum.Nucleation might take place on T Asubstrates.
These substrates can be either undissolved or precipitate at higher Ti concentrations
by peritectic reaction. On the other hand, at lower Ti concentrationsOti&%

which is the AIT i peritectic point, grain refinement
theories like cenucleaton of the alumirde by TiB; or carbides and inherent effects

on the peritectic reactions are assumed to be effective. Also, it is claimed th
complex borides of ATi-B affects grain nucleation. Normally, Ti addition to
casting results with finer grain size. Furthermore, ;TéXistence in the alloy

provides extended grain refinement effectiveness. Also, it is seen in the tests that
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just additive of aluminum boride and titanium boridéthout excess Ti addition
provide significant grain refinement. However, it is accepted that optimum results
are achieved with usage of excess Ti balanced with. BEi#ect of boride on grain
refinement is bserved both casting and wrought alloys. However, boride usage in
large amounts cause agglomeration and affect casting quality badly as inclusions.
Furthermore, it is recommended that after boride usage, furnaces should be cleaned

due to inclusion possiliiy [50].

The aim of the grain refinement is to provide fine, uniform and equiaxed grain
structure to the casting. This is the reason why selection of grain refiner is
important. Proper grain refiner selection is mostly related with the experience of the
foundry. Most of the foundries select grain refiners in order to fulfill the
requirements of the produdtven though this is a case woH{i-1B and 5T40.6B

types of grain refiners are recommended for optimum results in most cases. Also
these grain refiers with 0.0310.03%Ti additive are characterized by their

cleanliness and uniform distribution of aluminide and boride pHa&gs

There are various test methods for grain refinement effectivadesgver, most of
themarebased on comparison of samplEsundries usually sand cast an alloy with
and without a grain refiner into the similar molds. Then, grain size comparison is
made by metallographic methods like etching and polishiigreover, NDT
techniques like thermoanalytical and electrical conditgtmethods are developing

for grain structure predictiof®0].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1. Squeeze Casting

A vertical squeeze casting machimehich can be seen iRigure 16, was used in
this experiment. Molten 707&nd 7085aluminum allog were poured into the pre
heated die moldeparately. Moltemluminum allog weresolidified underl75MPa
pressure in the mol@. samples were prepared by this metfayd7075 alloy Figure
17 shows the samples of this experimdditmensions of thee samples are; 90 mm
diameter, 12 mm, 17mm and 23mheight respectively Four samples were
prepared for 7085 alloywhich can be seen irigurel18. Later on, hardness test was
conducted on thesas castsamplesFinally, thesesamples were subjected to T6
heat treatment. Solution treatment was done at “®4fr 6 hoursin a muffle
furnace(Figure19) then samples were gquenchadvater Artificial aging treatment
was conducted at 180 for 6 hoursin muffle furnacefor 7075 alloyaccording to
Table5. However, 7085 alloy sample was solution treated at°@sf6r 90 minutes
and quenchetb avoid blisterdased onrable5. Artificial aging wasperformedat
120°C for 24 hours.
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Figure 16. Vertical squeeze casting machine used in experiments.

Figure 17. Squeeze cast075 alloydiscs First, second and third from left to right.
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Figure 18. Squeeze cast 7085 alldiscs.

Figure 19. Muffle furnaceused for heat treatment in experiments.

3.2. Vacuum Assisted Gravity Die Casting

A controlled vacuum was applied during melt delivery to increase filling speed and
cooling rate The reason of using vacuunpgication is to fill the die mold as
quickly as possible before molten 7075 alloy soladifion The setup for this

experiment cosist of a copper die mold, an apparatus to connect die mold with
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vacuum hose, vacuupumpand aspruemade out ofjreensand.Setup can be seen

in Figure20.

After assembly of the setup,075 aluminum alloy was melteid an induction
furnace After melting of aluminum alloycopper die mold was heated up to Z50
by a torch.Vacuumpumpwas activatedefore castingSince, high vacuum would
cause defects in casting, low vacuum wapplied A vacuum machine that has three
vacuum levels was used on the lowest levdter these steps, molten 7075
aluminum alloy was poured ingprueat about 708 and was filled thedrizontal

copper die moldinder controlled vacuum condition.

As cast specimewas cut in 7 mm x 60 mm x 70 mm dimensions for heat treatment
as shown inFigure 21. ASTM heat treatment standard was basedrder to
determine heat treatment temperatures and durations. T6 heat treatment was
performedfor this sample. Since, sample thickness is 7 mm, solution treatment was
done at 48%C for 70 minutes imuffle furnacefollowing a water quench was done.

Artificial aging treatment was done at £@0for 24 hoursn convection furnace.
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Figure 20. Vacuum assisted gravity die casting experiment setufspiue 2.
Horizontal copper die mold, 3. Vacuum haie mold connecter part, 4. Vacuum

hose.

iy TE LT, A sy G ——,

Figure 21. Polished and heat treated vacuum assisted gravity disazagte.
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3.3. Gravity Die Casting

A vertical permanent copper die mold was uteg@roduce 7075 alloy slaly075
aluminum alloy was melted by induction furnadéertical copper die mold was
preneated up to 25C by a torchMolten 7075 alloy was pouredto the preheated
vertical copper die mold at 8%D. Casting was done through gravitational force. A
part of cast sample was cut for testing. This sample had dimensions as 7 mm x 60

mm x 20 mmas shown irFigure22.

ASTM heat treatment standard was based in order to determine heat treatment
temperatures and durations similar to vacuum assisted gravity die casting
experiment. T6 heat treatment was a@octed on sample. Since, sample thickness is

7 mm, solution treatment was done at 4Bdor 70 minutes inmuffle furnace
following a water quench was done. Artificial aging treatment was done &E 120

for 24 hours in convection furnace.

Figure 22. Sample that was used for testing in gravity die casting experiment.
3.4. Sand Casting

Rifle receiver dimensions were measuesdl usedor this experimentSince,our
aim is to produce a near net shape prefd&esin coatedandand green sand mold

werepreparedn accordance with the measured dimenswingfle receiver Resin
coatedsand coe was prepared by heating at 2G0for 1 hour in convection
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furnace. This carcorresponds to the hollow part of rifle receiver. Green sand mold
was prepared to cover other parts of rifle receiver. For this purpose apatiecth

of rifle receiver was prepared. After preparation of sand mold, 7075 aluminum alloy
was meltedn aninduction furnace. Then, molten 7075 alloy was poured into mold
at 75°C which gives adequate time to molten alloy to fill the cavity completely

Sand cast samplesn be seen iRigure23.

Casting was exposed to heat treatment after removal of runner. T6 heat treatment
was performedon the casting. Solution treatment was completed alG486r 2
hoursin muffle furnace This duration is out of ASTM standardization biltis
duration was considered appropriate for solutionizing’@2@as used for artificial

aging treatment with duration of 24 hours in convection furnace.

Figure 23. 7075aluminum alloy castingftershake out of sand

AISTiB was used as grain refinén decrease grain size of sand castiBgfore

melting in induction furnace, 7075 aluminum alloy that was melted was weighted. It
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had 1612 gr weight and 3 gr Af5TiB was added to charge which corresponds to
0.18%. After alloy preparation, molten alloy was poured iatmold at 756C

which wasthe samepouring temperature of sand casting.
3.5. Vertical Semi Solid Metal Casting

The aim of this experiment iso observeformability of 7075 at different
temperatures and at different solid fractions. In this experiment, a vertical press with
a die mold that have 9m diametewasusedas inFigure24. 3 parts are cut from
extruded 70796 billet (40cm x 7.5cm x 2cm). 40cm is length, Zm is thickness
and 7.5 cm is width of the billet. Prepared specimens have dimensionsas ¥ %
cm x 2cm (Figure25). Then, specimensereput in themuffle furnacefor heating
up to desired temperature$hree different temperaturesvere used for this
experiment; 58tC, 595C and 605C. Before pressing, die mold ofhe vertical
presswaspreheated with a torch to 280. Preheatedpecimensvereplaced in the
pre-heated dieavity with the 90mm diameter fosubsequenpressing. Specimens
werepressedat 150 MPa pressure in the deavity. Threesemisolid formed disks

wereproducedduring experiments

1
Bl gl

Figure 24. Die mold and working principle of verticaueeze castingressthat is

used duringemi solidexperiments in the Foundry laboratory at METU
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Figure 25. A prepared sample of extruded 7075 alloy

Heat treatmentvas appliedto the disks. T6was appliedto reachhigh strengths
First, partswveresolutionized by heating up to solutionizing temperat#t8€’C and
parts are kept at that temperatéioe 70 minutes Then partswere quenchedn
water Secondly, solutionized pantgere artificially agedat 12°C and kept at that
temperature for 24 hosirPracesseddisks after T6 heat treatmeoan be seen in
Figure 26. Moreover, second phase fractiaalculations are made by using

DewinterMaterials Plusmage analysis program

Figure 26. Produced disks after T6 heat treatment.
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3.6. Vertical Squeeze Casting

In this experiment, ainvasto observe mold filling properties of the 7075 alloy in a
hollow shaped mold. The same vertisglueeze castingress with a dievasused
for this experiment. However,specialdie wasused in this experiment. This mold
producesrectangularshaped parthaving cavitythat have dimension as 31cm x
5cm x 35cm and a hollow part as Figure27. Extruded 70756 billet wasmelted

in an induction furnace. Then,alten 7075 aluminum alloyat 65F°C temperature
waspouredinto the préeatedrectanguladie that hasemperature less than 280
100 tonedorcewasapplied to the mlten alloy in the dieBy using this methotivo
rectanguar prism shape preformsere producedwhich are inFigure 28. After
producing thee preformsT6 heat treatment was applied to these samples similar

casting samples.

Figure 27. Burst drawing of the mold that produces hollow shaped parts.
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Figure 28. Produced hollow shaped parts after T6 heat treatment.
3.7. SemiSolid Metal Casting

The aimof this experiments to observe effects @& particularsolid fraction during
high pressure die casting 8075 alloy at an injection molding processH®DC
machinewas usedfor this experimentKigure 29). A specialdie that can produce
tensile test specimen and bending test specwesused Figure 30). 7075 alloy
was processedwith HPDC. By the time, diewas heated up to 20C. Before
pouring the mlten alloy, alloyin the cruciblewas stirred witha rod containinga
thermocouple t@ead the temperature tfe alby toreachdesired temperatureAs
alloy temperaturelecreasebelow the liquidus temperature, alloyas poured into
shot sleeve and pressel.samplewas presed at 630C which is lower than the
liquidus temperature of 7075. Liquidus temperature for 7075 is detedmas
635°C by ASM. However, this temperature depends on chemical composition of the
alloy. Even thesmallest variationin the composition can change liquidus
temperature. Same procedus repeated with a modified 7075 alloy. The
chemical composition cabe seen fronTable 7. Forthe modified 707%lloy, five
different temperaturesvere used as pmcessingtemperature. These temperatures
werg 602C, 613C, 616C, 620C and 624C.

The porositieswere calculated by weidging the specimeng?orosity calculation of
3 specimen is done by Dewintetaterial Plusmage analysis program. Porosity of

other specimens assumed related to their weightregbect to % specimen.
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Figure 29. Thehigh pressure die casting (HPD@pchine used isemisolid metal

casting
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Figure 30. The die that can produce tensile and bending test speximen

54



Table 7. The demical compositions of extruded and modified 7075 alloy

produced
Zn Mg Cu Mn Ti Al
(wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
Extruded
6.04 2.06 1.20 0.10 0.04 Bal.
7075T6
Modified
6.96 4.68 2.63 0.05 0.04 Bal.
7075

3.8. Strain Induced Melt Activation (SIMA) Process for Thixocasting

This experiment was aimed to observe effectslwhsonic stirring and mechanical
stirring on mechanical properties and grain sid#érasonic stirring method and

mechanical stirring methods were used in this experiment.

First, 7075 aluminum alloy wagrepared in annduction furnaceor casting In
mechanical stirring method, an air cooled copper mold was used and molten 7075
alloy was poured into this mold @00 °C. Molten alloy was stirred by graphite rod
until solidification was completed. Then, solidified 7075 alleyhich had
cylindrical shge was removedrom the copper moldt about 206C in order to
performforging. This cylindricalshaped 7075 alloy was placed verticalhyder the
punch 20 tons of force was applied to the alloy for about 1 minute, which caused
33 % increment ircross sectiomrea. After forging process, disc shaped sample was
cut from forging sample for further processesr recrystallization,his disc shaped
sample waskept in muffle furnaceat 200 °C for 100 minutes. Then, this
recrystallized sample was heditep to 590°C for semisolid pressing T6 heat

treatment was appligd the specimen after seiswolid pressing operation.

In ultrasonic stirring method, an air cooled copper mold which was placed into

ultrasonication bath was used and molten 7075 allay poured into this mold at
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700 °C. Stirring was provided by ultrasound from ultrasonication bath. The same
procedure was followed for next steps. However, ssohd castingtemperature of

this sample was 61%C. Cylindrical shapedilloy billets can be seen ifigure 31.
Moreover, experimental parameters aftrasonic stirring and mechanical stirring

were tabulated afable8.

Figure 31 Cylindrical shaped alloy billets producéeft: ultrasonic stirring, right:

mechanical stirring)
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Table 8. Experimental parameters oltrasonic and mechanical stirring.

Ultrasonic Stirring Mechanical Stirring
Casting Temperature
700 700
(°C)
Forging Temperature
9ng P ~ 200 ~ 200
(°C)
Cross Sectiofrea
33 33
Increase (%)
Recrystallization
200 200
Temperaturg°C)
Pressing Temperature
610 590
(°C)
Heat Treatment T6 T6

3.9. Thermal Analysis and Solid Fraction Calculations

Different cooling rateswvere used to obtain solid fractioourves Calculation of
solid fraction can be doriey many methods. However, it wdstermined that using
Newtonian thermal analysis methasl suitablefor this. In Newtonian thermal
analysisa cooling curve should be obtained froreadidifying alloyas illustrated in
Figure32. Then, first derivative of the cooling curve is obtained which should give
phase transformation temperatures of seédifying aluminum alloyby using a
specialcomputer program as shown kiigure 33. A zero curve or baseline should
be drawn onto the first derivative of the cooling curVlis zro curvecan be
drawn by using polynomial curve fitting. However, the part of the first derivative
which phase transformation occurs must be excluded during curve fitting. Since,
zero curveis assumed that thers no phase transformation through phase
transformation temperates. After that point, the best fitting polynomial degree
should bechoseras zero curvas seen ifrigure 34. In this case and for most cases
3 degree polynomial fiwould be appropriatdn the next stagethe area between
the zero curve and the first derivative should be integrdtech liquidus
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temperature to solidus temperattweobtain the solid fraction datBigure 35 shows

the area between the first derivative and zero curve which should be integrated.
Moreover, Figure 36 shows the graph of solid fraction change with respect to
temperature which is obtained after integration of the ar&agure 35 [12-16]. In

order to explain this calculation following equation can be ugednd t are

instantaneous and final times respectively wheresHastantaneous solid fraction.

(98 . L i o
oy _.represents first derivative of cooling curve a@g __represents zero curve.
(@A) aw
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Figure 32 Cooling curve of 7075 allowith 0.04C/s cooling ratewith respect to
time.
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Figure 33. First derivative of 7075 alloy cooling curve with 0°G4s cooling rate

with respect to time.
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Figure 34. Polynomial fits in several degrees for zero curve drawing.
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Figure 36. After integration of the area between the first derivative and the zero

curve, solid fraction with respect to temperature graph can be obtained.
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For thermal analysis experant, a ktype thermocouple andataacquisition setup
were used. This systegan be seen ifigure 37. For faster cooling rate, oiten
alloy wasplaced in a graphite pot whickias covered with thermal blankets from
sides to avoid heat loss from sides. For slower cooling rate, grapbdible with
solid alloy in it, was placed inside thenuffle furnace Then, muffle furnacewas
heated above theatiing temperature of alloy to melt the alloy. After melting, K
type thermocouplevasplaced in the graphiterucibleand furnacevasturnedoff to

let alloy cool slowly.

Data Acquisition
Device

Figure 37. Data acquisition setup of the thermal analysis and solid fraction
calculations experiment anbet graphitecrucible that wasused in experimest(1.

Thermocouple, 2. Graphitérucible 3. Thermal Blanket, 4. bltenalloy).

During cooling of the molten allgydatawas collected viaK-type thermocouple.
This collected temperature vs. time datas processed byWATLAB program to
obtain first derivative vs. time graph anzero curve Finally, solid fraction vs.
temperature grdpwas obtained.
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3.10. Characterization

3.10.1. Mechanical Testing

3.10.1.1. Tensile Test

Tensile ted were done atwo different tensile test machineMares tensile test

machineused for large specimelis capable otompleting testaip to 50 tons of

hydraulic force. Figure38represents Mares tensile test machine setup.

Figure 38. Mares tensile test machine seftft].

The second tensile test machine that was used in experimeniOQvidl Instron
5582 ensile test machinir relatively smaller specimenkistron 5582 tensile test

machine is given ifrigure39.

1mm/minelongationrate was used in both machines for all test samples. Moreover,
all the tensile test specimens were prepared according #®SHM B 557M1 10
whi ch i s tediBdthads bratengion testing wrought and cast aluminum and

magnesium alloy produdi$52].
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Figure 39. Instron 5582 Tensile test machifs3].

3.10.1.2. Hardness Test

Universal Emco M4kD25 hardness testingachine was used in all hardness tests.

The hardness tests were done in accordance with ASTMTEQQ which is
AiStandard Test Met hod f or Br [54].eDuring Har dn
hardness tests, a tungsten carbide ball that has 2.5 mm diarasteidented on the

surface with 187.5 kg load.
3.102. Metallography
SEM and optical microscopy were used in this stutlye sampleswere cut to

proper sizes for the microscopyletacutM 250 CutOff Machine was used for

cutting operationas shown irFigure40.
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Figure 40. MetacutM 250 CutOff Machine[51].

After cutting, grinding was applied to specimens. Several abrasive gripdjey
numberswere used according tine surface roughness with increasing order for
grinding. Polishing was applied after grindingO® diamond solution was used for
first step polishingLatter stepl O rpOz golution was the choice for polishing.

Samples were etched after proper polishing.
for revealing grains of <QaniniHH (48%) 5Mlel | er 6s r €
HNOj3, 3 mL HCI, and 190 mL pD. Samples weretched n Kel | er 6s r eagent

propercontrastand microstructural details weobtained.
3.103. Optical Microscopy
SOIF XJP- 6A Optical Microscopewas used for all 100x optical microscopy

images with the help of DeWint&faterial Plus 4.1 Image Analysis Softwa8OIF

XJP - 6A Optical Microscopes an inverted microscope which helps obtaining
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images from misshapen bottomed specim8@F XJP- 6A Optical Microscopes

given inFigure4l.

Figure 41. SOIF XJP- 6A Optical Microscop¢b1].

DeWinter Material Plus 4.1 Image Analysis Softwavegas used forobtaining

imagesandgrain size analysis.

3.10.4. Scanning Electron Microscopy SEEM)

JEOL JSM6400 Electron Microscopand NOVA NANO SEM 430wereused for
SEM images. JEOL JS¥400 Electron Microscopes equipped with secondary

and backscattered electron detectdi®reover, NOVA NANO SEM 430is also

capable oEDX analysis.
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3.10.5. X-Ray Diffraction (XRD)

Rigaku D/Max 2200/PX-Ray diffractometewas used for XRD analysi€u-K U
radiationwasused for diffracitorat 40kV. Samples were scanned frdrd to 100i

2d angles with a oPe / nscanningspeed
3.10.6. Optical Emission Spectrometer Aralysis
Foundry Master UV Vacuum CCDptical emission spectrometer was uged

chemical analysis. Foundry Master UV Vacuum CCDoptical emission
spectrometer is given fRigure42.

Figure 42. Foundry Master UV Vacuum CCD optical emission spectrometer.
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CHAPTER 4

RESULTS AND DISCUSSION

The results of several castitgchniques used to replace 701/ extrusions with as

cast and T6 heat treated alternative performs having similar grain size and tensile
strength is presented in this chapterliterature hardness value of extruded 7075

T6 aluminum alloywas reported 2150 HB hardness and it was confirmed by
hardness test. Since, there is a relation between hardness and tensile strength of the
alloy. 150 HB hardness ws wasaccepted to be a reference valoeexperiments.
Furthermore, metallographic investigationestruded 70796 alloy showed that it

has about 124 micrerofaverage grain diameter.

4.1. Squeeze Casting Experiment

As a near net shape casting technique squeeze casting was perfSaniace
oxidation wasobserved on the samples aft€6 heat treatment of samples.
Moreover, blister problem wasbservedn the samples afgueeze castO75 alloy.

This can be explained by gas entrapment in solidified metal. As the heat was
introduced to samples, gases were expanded iardamce with ideal gas law
Surface oxidationtakes place due to the relatively high temperatures in heat

treatment.

Hardness values were foutmbe71 N HB for 7075 alloy and 78 HB for 7085
alloy, before heat treatmenifter heat treatment,drdness tesivas conducted on
samples afteremoval of oxidesfrom the surface. Accding to test results,
hardnesof samplesweref ound a sHB113T7N1®B and 116N HB
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respectivelyfor 7075 alloy Hardness values of®sampleare given inTable9. On
contrary 167N HB hardness was found for 7085 alloyarget value for hardness
150 HB was reacheat 2" sampleof 7075 and sample of 708Bs it was written in
experimentaprocedurepart, hardnessaluesof all 7075 alloysamples were almost
the same as 71 HB. However, there amattering ofhardnesssaluesof samples
after heat treatmen¥ariation of the hardness values iff and 3 samplesf 7075
weredue to temperature contsuwithin the furnace Hardness values of'sample
of 7075fluctuate between 12BB and 147HB. Moreover, hardness values df 3
sampleof 7075fluctuate between 103B and 123HB.

Grain size measurement was performed and by optical microscope exama&ation
micrors average grain diameter wésund during metallographic investigation of

2" sampleof 7075 Opticalmicroscopémageof squeeze cast specimen can be seen

in Figure43. Also, SEM image of this sample can be seeRigure44. It can be
seenthat this average grain diameter is lower than extruded -T678lloy.
Moreover, tensile tests were resulted as 441 MPa tensile strength and 410 MPa

yield strength values with.5% EL

Kim et. al. claims that 470 MPa tensile strength can be obtained in squeeze casting
of 7075 alloy with pressures as 25 MPa, 50 MPa and 75 MPa. Also, 152 HB
hardness values are claimed to be found in their res¢a®thlf a comparison is
made, it can beeen that % sample has 151 HB hardness valaesl 441 MPa

tensile strengthvhich arealmostclose to theelated research

Table 9. Hardness values @ndsqueeze cast sample

Test No 1 2 3 4 Averageand STD

Hardness
Brinell(HB)

151|151 150 151 151N 1
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Figure 43. Microstructure of squeeze castirexperimentspecimenhaving 37

micron average grain siZ&00x).

Figure 44. SEM image oksqueeze castingkperimenspecimen (100x).
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4.2.Gravity Die Casting Experiment

Hardness test was conducted after T6 heat treatmegriagity die casspecimes.

It was found to be 138 HB as averag@ardness valuélable 10 shows average
hardnessvalues This hardness value is lower than our target hardness 150 HB.
Moreover, metallographic investigation was conductechéasuregrain size of the
specimes as shown inFigure 45. SEM image for further comparison is given in
Figure 46. Average gain size wagneasured agl micrors. Furthermore, tensile

strength was obtained as 191 MPa with 3.8% EL which can be seen in Figure A. 8.

Figure 45. Microstructure of gravity die casting experiment specimen with 41

micron average grain size (100x).
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Figure 46. SEM image ofyravity die casting experiment specimen (100x).

Table 10. Hardness values of gravity die cagamples

Test No 1 2 3 4 5 6 Averageand STD

Hardness
Brinell(HB)

128|131 134| 126| 131 | 135 131N 3

4.3. Vacuum AssistedGravity Die Casting Experiment

Heat treated specimen was found&averagd60N HB hardnesscan be seem
Table 11 with its standard deviatiorvalue. They arehigher than hardness of
extruded 70796 specimens Furthermore, metallographic investigation revealed
that specimen has 38icrors average grainidmeter.Optical microstructurehows
microstructureof vaaium assisted gravity die cagpecimencan be seen ikigure

47. SEM image of thisnicrostructure can be seenfigure48.
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Figure 47. Microstructure of vacuum assisted gravity die casting experiment

specimerhaving38 micron average grain size (100x).

METU ZBKU

Figure 48. SEM image ofvacuum assisted gravity die casting experiment specimen
(100x).
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Blister and surface oxidatioafter T6 heat treatmemwere notobserved in this
sample.It is thought that blister problem is overcome by vacuum application.
Surface oxidation problem is vanished after using lower heat treatment
temperatures. On the othdrand, cold shuts were observed due to higher
solidification rate. Thus, die mold was not filled properijherefore tensile

specimens could not be prepafedthis casting trial.

Table 11. Hardness values of vacuum assigiedality die casting experiment.

Test No 1 2 3 4 5 6 Average and STD

Hardness
Brinell(HB)

159 146| 168 | 159| 157|171 160N 8

4.4.Sand Casting Experiment with/without AI5TiB Additive

Sand casting experimemtas performed to produce 7075 preform castinigsout
additive of grain refier. It wasobtainedthat it has 100N HB hardness after T6

heat treatment. Even though, it had relatively low hardness values, no casting defect
was observed on surface except $mme surface pores hyacreinvestigation.

Later, metallographic investigation was conducted on this sargamination
revealed98 micrors average grain diameteFigure 49 shows microstructure of

sand casting specimermbtained byoptical microscopy.Figure 50 shows SEM

image of this sample.
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Figure 49. Microstructure of sandast specimen having 98icron average grain
size (100x).

Figure 50. SEM image ofkand casspecimen (100x).
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Table 12. Hardness values of sand casting with&L8TiB additive experiment.

Test No 1 2 34| 5 | 6] 7 |Averageand STD

Hardness
Brinell(HB)

101} 116|97|97|112|86| 97 100N 9

Sand castingvas carried withAI5TiB master alloyas grain refine(TiB;) to molten
alloy. Grain refiner additive was about 0.18%% weight T6 heat treatment was
applied onthese specimes. After heat treatment, hardness test was conducted on
the specimen. 1080 HB hardness was the result of the hardness test. Although
this hardness is lower than the target value, stightly higher than the hardness of
normal sand caisig (without grain refiner additive) No casting defect was
observed except f@ome surface poredetallographic investigation revealed that
specimen of sandasting with grain refiner has 7dhicrors average grain diameter

as shown irFigure51. SEM image of the specimen can be seeRigure52. If a
comparisoncan bedone between sand casting with grain refiner mmamal sand
casting, it can be seen thiTIB increased hardnesy 6% and forms finer grains

as 24.5%.

Tensile tat were performed on these specimens and following results were
obtained. Tensile strength aand cast alloy with AISTIiB additiowas 131 MPa
and tensile strength of sand cast specimen was 88 MPa. Yield strength values of

specimens could not be obtairdgk to premature failure.
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Figure 51. Microstructure of sand caslloy with AISTIB addition, specimen

having 74micron average grain size (100x).

Figure 52 Microstructure of sand caswith AISTIB additon, specimenSEM
analysis (100x).
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Table 13. Hardness values of sand casting witisTiB addition.

Test No 1,2 3 4 5 6 | 7| 8 | Averageand STD

Hardness -
. 85|/90| 110| 138| 126| 115| 80| 106 106 N ]
Brinell(HB)

Furthermore, a comparison can be made between the hardness and average grain
size results of these casting experimentgahle14. It can be concluded that target
hadness value was reached by squeeze casting and vacuum assisted gravity die
casting methods. Furthermore, squeeze casting and vacuum assisted gravity die
casting methods were resulted with fine graihdhat 6 s why, it can
squeeze casting and otaum assisted gravity die casting methods are better than
other method. However, squeeze casting can be chosen as the best technique due to

tensile test results.

Table 14. Hardness and average grain size comparisaall afastingexperiments

performed in this study

No Experiment Average Average Grain
b Hardness(HB) | Size(microns)

1 Extruded7075T6 150 124

2 Squeeze Casting 150N 1 37

Vacuum  assiste|

3 gravity die casting 160N 8 38
4 Gravity die casting 131N 3 41
5 Sandcasting 100N 9 98
6 Sand casting with 1068 1 9 74

AI5TiB additive
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4.5.X-Ray Diffraction (XRD) Results of Casting Experiments

XRD results were obtained teveal theintermetallics inside the castings after T6

heat treatmentin Figure53, it can be seen that there are 5 peaks in each casting

results. These peaks are af,3®’, 64, 78 and82whi ch correspond to 2d
These peaks were defined as overlap peaks af
they have larger intensities than expected. Aluminum peaksimdared according

to ICDD card number of ©787.Planes of aluminum were fod to be(111) at 38,

(200) at44°, (220) at 65 (311) at 78and (222) at 82as inFigure53. Figure 54

shows Ab.40ZNo 597 peaks which has 52856 ICDD card number. Irthis figure,

planes were found to b@01) at 38, (110) at 45 (121) at 658 (012) at 78 and

(200) at 88. After T6 heat teatment, intermetallics like MgZnAl,CuMg and

Mgs2(Al, Zn)sgwere specially searched in the diffraction ch@itese intermetallics

areknown to be contributing increase strengthening mechanism in 7075 alloy.

MgZn;, results can be seen Figure55. Its planes are (103) at 38202) at 45,

(302) at 65, (206) at 78and (107) at 82ICDD card number of MgZsis 340457.

Al,CuMg results are given iRigure56. Its ICDD card number is 28014 and its

planes are (131) at 38(132) at 44 (062) at 65 (154) at 78 and (064) at 82

Another expected intermetallis Mgs2(Al, Zn)4e. Planes of this intermetallic were

determinedas (661) at 39 (550) at 45 (770) at 68 and (1060) at 78as shown in

Figure57. ICDD card number of Mg(Al, Zn)sgis 190029.

However, there are also some undesired intermetallics for 7075 alloy that reduce
strength of the alloylron containingintermetallics are aongst them. After brief
investigation, F¢Si and FeV intermetallics were found through XRkamination

FesSi results can be seen Figure58. (110) at 45 (200) at 65and (211) at 83
planes are found as shown iRigure 58. ICDD card numbef FegSi which is
known as Suessite is 33519. Other iron baseititermetalic was FeV. Its planes
were shown as (110) at 4%200) at 65and (211) at 8lin Figure59. ICDD card
number of FeV is 1-8664.
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4.6.Thermal Analysis and Solid Fraction Calculations

Thermal analysis and solid fraction calculatiexperiment is applied tcemelted
extrudedbillet of 7075 aluminum alloy &@.25°C/s cooling ratend modified 7075
aluminum alloys atlifferent cooling ratg 0.04C/s, 0.25°C/s and 0.3&/s. These
cooling rates are obtainetlring experiments. According to the experimental data
following graphswereobtained The reason for experimenting modified 7075 alloy
is to modify semi solid castability properties of 7075 alloy. Modifications in the

chemical composition of the alloy were perhed based on the study of Atkinson

[56].
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4.6.1.Extrusion Billet of 7075 Aluminum Alloy at 0.25’C/s Cooling Rate

Variation of temperature against time 075 aluminum alloy at 0.26/s cooling
ratecan be seen iRigure60. Figure61 and Figure 62 demonstratdirst derivative
and solid fractiorof solidifying 7075 aluminum alloy at 0.26/s cooling ratevith

respect to time
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Figure 60. Temperature vs. time graph Bktrusionbillet of 7075 aluminum alloy

at 0.25C/s cooling rate
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Figure 61 First derivative —‘LJUL vs. time graph ofExtrusion billet of 7075
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aluminum alloy at 0.2%/s cooling rate
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Figure 62. Solid fractionvs. temperature and time graphiodtrusion billet of 7075

aluminum alloy at 0.2%/s cooling rate
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4.6.2. Modified 70751 Aluminum Alloy at 0.04C/s Cooling Rate

Cooling curve formodified 70751 aluminum alloy at 0.0€/s cooling ratecan be
seen inFigure 63. Figure 64 and Figure 65 demonstrate first derivative and solid
fraction of solidifying modified 70751 aluminum alloy at 0.0€/s cooling rate

with respect to time.
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Figure 63. Temperature vs. time graph of modifigd751 aluminum alloy with

0.04C/s cooling rate
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Figure 64. First derivative .—“LJHL vs. time graph of modifie@d0751 aluminum
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alloy with 0.04C/s cooling rate
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Figure 65. Solid fraction (%) vs. temperature graph of modifi&¥51 aluminum

alloy with 0.04C/s cooling rate
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4.6.3. Modified 70751 Aluminum Alloy 0.25°C/s Cooling Rate

Temperature with respect to time graph fodified 70751 aluminum alloy at
0.25C/s cooling ratecan be seen iRigure 66. Figure 67 and Figure 68 show first
derivative and solid fraction of solidifyinghodified 70751 aluminum alloy at

0.25°C/s cooling ratevith respect to time.
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Figure 66. Temperature vs. time graph of modifigd751 aluminum alloy with

0.25°C/s cooling rate
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Figure 67. First derivative —:JUL vs. time graph of modifie@0751 aluminum
nr

alloy with 0.25C/s cooling rate
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Figure 68. Solid fraction (%) vs. temperature graph of modifi&¥51 aluminum

alloy with 0.25C/s cooling rate
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4.6.4. Modified 70752 Aluminum Alloy 0.38°C/s CoolingRate

Cooling curve fomodified 70752 aluminum alloy at 0.3€/s cooling ratecan be
seen inFigure 69. Figure 70 and Figure 71 illustrate first derivative and solid
fraction of solidifying modified 70752 aluminum alloy at 0.3€/s cooling rate

with respect to time.
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Figure 69. Temperature vs. time graph of modifigd752 aluminum alloy with
0.38C/s cooling rate
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Figure 70. First derivative vs. time graph of modified0752 aluminum

alloy with 0.38C/s coolingrate.
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with 0.38C/s cooling rate
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Table15 shows chemical composition differences between literature and this work.
Table 16 also shows critical temperatures of these works. As comparing same
cooling rates of different alloy, it can bsoncludedthat liquidus temperature
decreases with increasing amount of Mgiadd. It can be clearly seen that Zn and
Cu addition to the alloy caonly have a decreasen liquidus temperaturevhen
modified 70751 and modified 7072 alloysarecompared. When these values are
compared with the literature data, they show some differences diagiation in
chemical compositiam Even though Ahmad s that solidus and eutectic
temperatures are increasing with increasing cooling 88leip this experimenthis

trend cannot be aerved This may be due teariation of surrounding temperature
Since,variationof temperaturaluring the environmentan alsoaffect cooling rates

and solid fraction58].

Table 15. Literature comparison of chemical compositiarfsthe alloys used at

thermal analysis experiment

Source Zn Mg Cu Mn Fe Si Ti Al
(Wt. %) | (Wt. %) | (Wt. %) | (Wt. %) | (wt. %) | (wt. %) | (wt. %) | (wt. %)
Modified
20751 597 | 485 | 155 | 006 | 043 | 0.34 | 004 86.4
Modified
20752 696 | 468 | 263 | 005 | 0.23 | 0.21 | 0.04 84.9
B2 c k[&9] - 249 | 136 - 028 | 0.11 - Bal.
Ahmad57] 6.04 | 238 | 202 | 012 | 024 | 0.14 | 0.09 885
5.1- 2.1- 12- 87.1-
ASM[5] 6.1 29 50 <03 | <05 | <04 | <0.2 914
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Table 16. Literature comparison of thermal dathatained duringhermal analysis

experiments.

Source Cooling Liquidus Eutectic Solidus
RatefC/s) | TemperaturéC) | TemperaturéC) | Temperatur€C)
7075 0.25 6312 4781 4738
Modified
20751 0.04 623.1 476.2 4711
Modified
70751 0.25 628.2 473.2 466.5
Modified
70752 0.38 6215 4853 4728
Ahmad57] 0.03 6399 4702 4676
Ahmad57] 0.21 6380 4747 4702
Ahmad57] 041 6382 4772 4728
B2 c k[®9] 0.30 6300 4690 4690
B2 c k[®9] 0.70 6300 4700 4700
ASM[5] 6350 4770

When7075 and modified 7075 are compared with the same cooling rate, it can be
seen that liquidus temperature is almost the same. However, solidus anit eutec

temperatures are different.

4.7.SemiSolid Casting with Vertical Pressure Die Casting

Processing of 7075 alloy was performed &gmisolid forming with vertical
squeezecasting press there arethree samplesthat are produced and T6 heat
treatment First samplewas processedt 580C. This temperature corresponds to
0.8 solid fraction accaling to Figure 62. The thickness ofthe first sampleis
reduced from 20 mm to IBmm.The first samplalso has hardness value as £80
5 HB. Secondsampleis pressecat 595C which corresponds ta@¥ solidfraction.
Thickness othe second sampleasreducel from 20mm to 111 mm. Thissample
has hardness value which is 1M3 HB. Third samplewas pressedt 605C that
matches with B2 solid fraction value. Thirdamplehas 158 HB hardness value
and al® 108 mm thickness.
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Table 17. The process dataf semisolid castingwith verticalsqueezeasting

Experimental . ) Yield .
Part Solid Thickness | Hardness| UTS Elongation
Temperature Fraction (mm) (HB) (MPa) Strength %)
0
No. °C) (MPa)
1 580 0.80 139 180N 2466 | 2125 2.6
2 595 0.67 111 173N 5830 | 5260 4.6
3 605 0.62 108 158N 3020 | 2920 09

It is seen fromTable 17 that as solid fraction increases, formability (thickness
reduction) decreases. Howevirmability does not change aftarcertain point of
solid fraction It can be observed thaatuness &lues are decreasing with decrease
in solid fraction.This can be explained bgecond phasédensities of specimens.
Furthermore, UTS and elongation values can be seefi’@ma®2 has the highest
UTS and elongation values. Howevet,ahd 3 p a r t s étests ara resulied a
premature break due to cracks on the holding part of tensile spec@rethe other
hand, when 0.67 solid fraction has reached the target value of @& yield
strength and 150HB hardness valuevere obtained Table 18 illustrates a
comparison between values of reduction rates and hardness valueecamd
phase fractionsFigure 72, Figure 73, Figure 74 and Figure 75 are the SEM
photographs of part®recipitate size and distribution can be seen in these figures

Table 18 Comparison between values of reduction rates, hardness values and

second phase densities.

Reduction Rate Second Phase
Part No. Hardness (HB) _
(%) Fraction(%)
1 305 180 N 2.096
2 445 173 N 1.534
3 46 158 N 1.058
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Figure 73. SEM picture of semsolid castingspecimer? at 595C.
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Figure 74. SEM picture of semsolid castingspecimen 3 at 606 with 100x

magnification.

Figure 75. SEM picture of semsolid castingspecimen3 at 605C with 500x

magnification.
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4.8.Pressure Die Casting

Pressure die casting experimemas done at just above liquidus temperature of
7075 which is about 63C and then mlten alloy was poured rito the relatively

cold die which wa below 256C. It takes about @5 seconds to close the diad
squeezethe alloy. It is experienced that, 10 to &conds cooling make great
differences to alloys temperature. If it is considered as cooling in an isolated
graphite pot, it would make its temperature just below liquidus. However, since
there are morsurfacearea to cool the oiten alloy, cooling ratewill be higher.

From experience of modified 70Z5with a cooling rate of .88°C/s, it can be
predicted that 1 or° cooling occurs during procésg which gives 48% solid

phase This small amount of solid causes some problems like hof@ehor liquid
segregatiorj61] since it is assumed as thixoforming. 2 specimens are made by this
method. One of them is made from 7075 extrusion billet and the other one is made
from scrap 7075. Chemical composition differences between the two specimens are
given atTable 19. During macroscopic inspection of the specimens, it is seen that
problems like surface cracks, shrinkage and bad surface qualitpbaesved
However, blister wa not observed after T6 heat treatment to the specimens. Since,
it not possible to make a tensile specimen due to the cracks, hardness values of

specimensvereinvestigated.

Table 19. Comparison of chemical compositions of allgyeduced duringressure

die casting experimest

) Zn Mg Cu Fe Si Al
Specimen
(wt. %) (wt. %) | (wt. %) | (wt. %) | (wt. %) (wt. %)
Extr. 7075| 6.04 2.06 1.20 0.15 0.09 90.1
Scrap
5.27 2.56 1.84 0.18 0.24 894
7075
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Table 20. Hardness valuesf pressure die cast samples

Specimen Hardness (HB)
Extr. 7075 156N 11
Scrap 7075 175N 5

As can be seen fromable 20 hardness valuesre between 156 and 175 HBhis
hardness difference is believed due to the chemical composition differences and
heat distribution in the furnace during heat treatmBetaus hardness values of
extuded 7075 show hardness value distribution from 148 to 173 HB.
Furthermore, T6 heat treatment may cause more precipitatieiding MgZn;
intermetallicphaseprecipitate yieldindiigherhardness valis62].

4.9.SemiSolid Metal Casting

In semisolid metal castingexperiment, 6 specimerisom modified 70752 alloy

and twospecimen®f 7075 alloywere producedSpecimensverepressed at 62C,
616°C, 602°C, 624°C, 613°C and affully liquid stateas modified 70752 alloy.

Also, two specimensof 7075 alloy are pressed at 680 These temperatures
correspond to 0.01, 0.265, 0.535, 0 and 0.351 solid fractions for modified27075
and 0.04 to 0.075 solid fraction range for extruded 78lK%y respectively. Then,

T6 heat treatmnt was applied taheseat 480°C for 17 hours to solutionize and
121°C for 34 hourdor artificial agingfor modified 70752 alloy [162]. The same

T6 procedure times and temperatunesvere used for extruded 7075. After heat
treatment, ivasobserved that large amount of oxidation occurred on the specimens
(diameters of tensile specimens are enlarged from 19mm to approximately 20mm).
Even though there are large oxidation on the surface, tensileost bemade.
Ultimate tensile strength,langation at break, pouring temperature and solid

fraction valuesare givenin Table21.
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Table 21. Ultimate tensile strength, elongation laeak, pouring temperature and

solid fraction values

Pouring _ )
_ Solid Elongation at
Specimen Temperature _ UTS (MPa)
Fraction Break (%)
(°C)
1% of mod.
620 0.010 145 6.56
70752
2" of mod.
616 0.265 115 7.69
70752
3% of mod.
602 0.535 196 1145
70752
4™ of mod.
624 0 162 8.87
70752
5™ of mod.
613 0.351 165 6.42
70752
6™ of mod. o
Above liquidus 0 207 591
70752
1% of extr. 7075 630 0.0400.075 268 4.16
2" of extr. 7075 630 0.040-0.075 185 471

After tensile test, itvas observedhat porositieexistin the specimens that cause
premature breaks. Moreovel” 4pecimen of modified 7073 alloy has aavity in
the middle ofstructure. Furthermore, atomizatidnring high pressure die casting

lets airentrapmenporosties and caushklister problemafter T6 heat treatment
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Figure 76. Pore density vs. solid fratcon graph of modified 7072 alloy produced
by semi solid metal casting
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Figure 77. UTS vs. solid fraton graph of modified 7073 alloy produced bgemi
solid metal casting
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It can be clearly seen froffigure 76 that, poe density of specimens decreasith
increasing solid fraction. This can be explained by micro liquid shrinkages
decreases as liquid amount decrease. Furtherifignae 77 shows that if low solid
fraction values are not included, higher solid fraction gives higher UTS values.

Since, solid fraction increase causes less porous microstructure

4.10. Strain Induced Melt Activation (SIMA)

Ultrasonic stirring and mechanical stirring methods were used in this experiment
Appearance of the pressed sampfemechanically stirred alloyas relatively
smoother thamltrasonicstirred specimen. However,dtre were little cracks on the
surface which can be seen by naked elsdness results ahechanicalstirred
sample were found as 198 6 HB. This hardness result shows that T6 heat
treatment was successfully applidthere were 2 tensile specimens machined from
disc shaped sample ofechanicaktirring method. These samples were tested and
results are given iffable22. Accordingto tensile test results, it can be interpreted
that even though target tensile strength could not be reastemthanicalstirring
method provided satisfactory resulifowever, it can be seen that elongation result

is fairly lower than target elongationlua.

It was observed that ultrasonic stirring caused molten alloy to cool faster due to
vibration in the mold which gave more homogenized temperature distribution
through the air cooled copper mold and led a higher cooling rate [63, 64].
Appearance olltrasonicstirred specimen was poor with respectntechanical

stirred specimen. There were deep crack on the surface.believed that higher

liquid fraction caused this cracks during presskigwever,2 tensile test specimens

were removed fromultrasaic stirred disc shaped sampleOne of the test
specimens had a large crack that cannot be tested. Other tensile test specimen was

tested but, it failed prematurely due to a small crack which could not be noticed.
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However, tensile test results can be sieehable22. Hardness test was conducted
on specimens and it resulted ad §512 HB. This hardness test result is coherent
with target hardness value. Moreover,thgfandard derivation value is a result of

cracked structure of disc shaped specimen.

Table 22. Tensile test results of SIMA experiment.

Ultrasonic Stirring Mechanical Stirring
UTS (MPa) 211 397N32
YS (MPa) - 343N31
EL% 1.6 3N0.3

Grain size analysiperformedon specimens of both methods. Ultrasonic stirred
specimenyielded 70 Om average grain size. On the other side, mechanical stirred
specimen had average grain size asOr@ It can be concluded that ultrasonic
stirring provide 10% finer grains than mechanically stirrirggure 78 and Figure

79 shows microstructure images which were obtained by optical microscopy with
100x magnification. Furthermore, SEM images of samples can be séguia80,

Figure81 andFigure82.

Figure 78. Microstructure image of ultrasonic stirred specimen (100x)
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Figure 79. Microstructure image of mechanical stirred specimen (100x).

Figure 80. SEM image of mechanical stirred specimen (100x).
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