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ABSTRACT

This paper is designed to provide a basic review of spray casting. A brief overview
of the historical development of spray casting and the description of plant and
equipment have been given. Following metallurgical characteristics of spray
formed alloys, process parameters and solidification mechanism of spray
deposition have been discussed in detail. Finally, microstructure and mechanical
properties of the selected spray cast Al-Zn-Mg-Cu alloys have been presented and
compared with conventionally and powder metallurgy processed 7xxx aluminium
alloys.
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SPREY DOKUM
(Review)

OZET

Bu makalede sprey dokiim yontemi incelendi. Sprey dokiimiin dzet olarak tarihsel
gelisimi ve proses hakkinda bilgi verildi. Daha sonra sprey dokiimle iretilmis
alagimlarin metalurjik 6zellikleri, proses parametreleri ve sprey dokiim yonteminin
katilagma mekanizmasi detayli olarak tartisildi. Son olarak bazi sprey dokiilmiig
Al-Zn-Mg-Cu alasimlarinin  mikroyapt ve mekanik oOzellikleri verildi ve bu
sonuglar geleneksel dokiim yontemi ve toz metalurjisiyle {iretilmis 7xxx serisi

aliminyum alasimlarinin 6zellikleri ile kiyaslandi.

Anahtar Kelimeler: Sprey dokiim, Osprey, LDC, Al-Zn-Mg-Cu

1.GiRiS

Hizli katilagsma yoluyla direk olarak eriyikten alagim ve
kompozit malzemelerin {iretildigi prosese sprey sekil
verme, sprey dokiim veya sprey biriktirme yontemi denir.
Bu yontemde ergimis metalin atomizasyonu ile iiretilen
damlaciklarin piiskiirtiilerek bir kolektdr (toplayic)
iizerinde toplanmasi  saglanir. Kolektér {izerinde
katilagarak iiretilen bu depozite daha sonra ekstriizyon,
dovme veya haddeleme ile sekil verilebilir. Sprey
biriktirme yonteminin iki Onemli avantaji vardir.
Bunlardan birincisi eriyikten direk olarak tek bir
operasyonla net sekillendirilmis iiriin elde etme imkanidir.
Bu yontem ingot metalurji (/M) ve toz metalurji (T/M)
yontemlerinde uygulanan bircok iglem basamagini
azaltarak Onemli Ol¢iide ekonomik kazang saglar. Net
sekillendirilmis {irlin elde etmenin faydalari su sekilde
siralanabilir (1, 2):

e Uretim zamaninin kisalmasi
Hammadde fiyatinin diismesi
Enerji tiiketiminin azalmasi

Parca performansinin iyilestirilmesi
Hurda fiyatinin azalmasi

1. INTRODUCTION

Spray forming, spray casting and spray deposition are
terms used to describe a process that produces rapidly
solidified alloys and composite materials directly from the
melt. The process involves droplet generation from a
stream of molten metal using gas atomisation and the
subsequent deposition of the droplets on a collector. The
dense preform produced by the droplets can then be
extruded, forged or rolled. There are two potential
advantages of spray deposition. The major advantage is
that a near net shaped product can be produced in a single
operation, directly from the melt. The process provides
significant economic savings by reducing the number of
processing steps associated with ingot metallurgy (I/M)
and powder metallurgy (P/M) routes. The main benefits of
near net shape manufacturing processing are (1, 2):

e shorter production time;

lowered raw material cost;
reduced energy consumption;
improved part performance;
reduced scrap and handling costs.



156

Sprey sekil verme yonteminin ikinci avantaji metalurjik
ve mekanik Ozelliklerde onemli oOl¢lide iyilesmenin
saglanmasidir. Sprey sekil verme yoOntemiyle iiretilmis
driinler ince taneli, alasim elementleri makroskopik
segregasyonundan arindirilmig ve diisiik oksit igeriklidir
(3-5).

Sprey sekil verme toz metalurjisi yonteminin birgok
avantajina sahipken onun bazi Onemli dezavantajlarini
icermez (6-8). Sprey sekil vermenin toz metalurjisine gore
temel avantajlari su sekilde siralanabilir:

e Toz metalurjisiyle iretilmis aliminyum alasimlari
atomize edilmis tozlarin yiizeyindeki aluminyum
hidroksit olusumundan dolay1 énemli miktarda oksit
icerir. Bu sprey dokiilmiis alasimlarda azaltilmistir.
Ciinkii islem koruyucu atmosfer altinda kapali bir
hiicre icinde yiiriitilmektedir ve hidrojen kapma
minimize edilmistir.

e Toz metalurjisinde bulunan ve {irlin fiyatin1 artiran
¢ok sayida islem basamagi sprey sekil verme
yonteminde bulunmamaktadir.

e Toz metalurjisinde tozlarin kullanimi ve depolanmasi
esnasinda karsilagilan bazi giivenlik problemleri
minimize edilmistir.

Sprey sekil verilmis malzemelerde hizli katilastirma
sonucunda geleneksel ingot metalurji y6nteminde
karsilagilan  kaba taneler ve makrosegregasyona
rastlanmaz. Sprey dokiimiin ingot metalurjisine gore temel
avantajlar su sekilde siralanabilir (9):

e Sprey sekil verme ile iretilen alagimlarda yiiksek
katilagma  hizindan dolayr  makrosegregasyon
azaltilmistir.

e Sprey sekil verme ile iiretilen alagimlarda mekanik
oOzelliklerin artmasini saglayan daha ince taneli yap1
elde edilir.

e  Hizh katilasmadan dolay1 alasim elementlerinin kati
¢Ozlinlirligi artirlarak ingot dokiilmiis alagimlarda
rastlanan 1si1l catlama gibi dokiim problemlerinin
iistesinden gelinebilir.

Sprey dokiim ydnteminin bir diger avantaji kompozit
malzeme {iretimidir (10-25). Sprey dokiilmiis kompozit
malzemeler atomize edilen ergimis metal puskiirtiiliirken
ayni zamanda takviye elemant sprey igine enjekte edilerek
kolektor tizerinde toplanma yoluyla iiretilirler. Bu teknigin
birgok alternatif kompozit {iretim yoOntemine gore
avantajlari net sekillendirilmis iiriin elde edilmesi, dnemli
ol¢lide fiyat kazanci, azaltilmis oksidasyon, mikroyapisal
ozelliklerin inceltilmesi, azaltilmig makrosegregasyondur
(26, 27). Ayrica sprey ile kolektor arasindaki hareketin
degistirilmesiyle bilet, tiip, serit ve disk gibi degisik
sekilde tirin elde etmek miimkiindiir. Sprey dokiim siiper
alasgimlardan yiiksek hiz c¢eligine kadar ¢ok cesitli
malzemelere uygulanabilir (28-47).

Son zamanlarda agiklandigi gibi sprey sekil verme
metodu fiyat acisindan etkili, ingot metalurji ve toz
metalurji yontemine alternatif bir iiretim yontemidir. Bu
calismada sprey dokiilmiis 7xxx serisi aliiminyum
alagimlarinin mikroyapt ve mekanik ozellikleri, ingot
metalurji ve toz metalurjisi yontemiyle dretilmis 7xxx
serisi  aliminyum  alasimlarinin  &zellikleri  ile
kiyaslanmistir. Bu ¢alisma sprey sekil verme ile tiretilmis
alasgimlarin ince tane, homojen mikroyapi, miikemmel
tokluk ve mukavemet bilesimine sahip oldugunu
gostermektedir.
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The second advantage of spray forming is the
significant improvement in metallurgical and mechanical
properties that can be obtained. The microstructures of
spray formed products are characterised by a uniform
distribution of fine grains, no macroscopic segregation of
alloying elements and a low oxide content (3-5).

Spray forming takes most of the advantages of the
powder route, while avoiding some of its major
disadvantages (6-8). The main advantages of spray
forming over powder metallurgy are:

e A significant volume fraction of oxides are normally
present in PM aluminium alloys due to aluminium
hydroxide formation on the surface of atomised
powders. This is greatly reduced in spray cast alloys
because the process is carried out in a closed chamber
with a protective atmosphere so that oxygen and
hydrogen pick-up is effectively minimised.

e The various processing steps in the powder route,
which increase the product price, are eliminated by
spray forming.

e Safety problems that are encountered in the powder
route are also minimised by eliminating the need for
handling and storing powders.

As a consequence of rapid solidification, the spray
formed materials overcome some problems, such as coarse
grains and macrosegregation, which are encountered in
conventional I/M routes. The main advantages of spray
casting over ingot metallurgy are (9):

e Decreased macrosegregation is obtained in spray
formed alloys, due to a higher rate of solidification.

e Finer grains are found in spray formed alloys, which
enhance mechanical properties.

e The rapid solidification rate offers increased solid
solubility of alloying elements, hence overcoming
inherent casting problems, such as thermal cracking,
which is encountered in ingot cast alloys.

Another advantage of spray casting is in the production
of composite materials (10-25). The reinforcement or filler
material particles are injected into the atomised stream of
molten metal in the casting chamber to produce spray
formed composite materials. The advantages of this
technique over many alternative processes for composite
manufacture are near net shaped products, significant cost
savings, reduced oxidation, refinements in microstructural
features, decreased macrosegregation and elimination of
the extreme thermal excursions which can result in
degradation of interfacial properties (26, 27). In addition,
it is possible to produce different shapes of spray deposit,
such as billets, tubes, strips and discs, by changing the
relative movement between the atomised spray and
collector. Spray casting can also be applied to a wide
variety of materials, from superalloys to high speed
steel/wear resistant alloys (28-47).

It has recently been demonstrated that spray forming is
a cost-effective alternative processing method to
conventional ingot technology and to powder metallurgy.
In this study, structure and mechanical properties of spray
deposited 7xxx series Al alloys were compared to ingot
metallurgy and powder metallurgy processed 7xxx Al
alloys. This study indicates that spray formed alloys have a
fine grained, uniform microstructure and an excellent
combination of fracture toughness and strength.
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2. SPREY DOKUMUN GELISIMININ
TARIHCESI

Sprey biriktirme yonteminin prensiplerinin onciliigi
1970°li yillarin basinda Swansea Universitesinde Singer
tarafindan yapilmistir (48-50). Singer bilylik ingotlarin
dokiilmesi ve haddelenmesi yontemine alternatif olarak
ergimis metalden direk olarak haddelenmis serit tiretimini
Onermistir. Singer’in gelistirdigi bu yontem orijinal olarak
1967°de  Reynolds Metal Sirketi tarafindan bulunan
santrifiij atomizasyon, yeniden 1sitma ve haddeleme
seklindeki siirekli operasyon yoluyla elde edilen serit
iretim metoduna alternatif olmustur. Singer daha ¢ok
aliminyum alagimlart ile c¢alisti. Singer’in gelistirdigi
prosesin genel prensipleri erimis aliiminyum alagimini
azot gazi kullanarak atomize etmek ve olusan spreyi hadde
iizerine piskiirtmekti. Ancak bu proses esnasinda iiretilen
seritin kalinligi homojen degildi (49).

Birkag yil sonra Singer’in gelistirdigi prosesten
faydalanarak, G. Brooks, A. Leatham ve J. Combs
tarafindan dévme depozit iiretimi i¢in Ingiltere’de Osprey
Metals Ltd. Sirketi kuruldu. Proses sematik olarak Sekil
1’de verilmektedir. Alagim sprey hiicresinin en istiinde
bulunan pota icerisinde indiiksiyon ergitilir. Eriyen alagim
potanin altinda bulunan refrakter piiskiirtiiciiniin igine
gecer. Burada 0.6-1 MPa basingta azot veya argon gazi
tarafindan  atomize edilerek iretilen damlaciklar
puskiirtiilerek bir kolektdr iizerinde toplanir. Atomize
edici gaz piskiirtiilme esnasinda damlaciklardan 6nemli
oranda 1siy1 uzaklastirarak onlarin sogumasina yardimci
olur. Sogutulan damlaciklar toplayici tiizerine gelerek
burada birikir ve yogun bir depozit olusturur (51, 52).
Osprey prosesi mevcut bulunan On haddelenmis
malzemenin dovillmesi ve toz metalurji gibi iki temel
firetim metoduna alternatif olusturmustur. Ilk metot
ergitme, ingot halinde dokiim, ¢ubuk seklinde haddeleme,
kesme, yeniden i1sitma ve dovme islemlerini igerir. Bu
metot malzemelerin doviilerek tiretilmesinde kullanilan en
yaygin iiretim bi¢imidir. Ancak bu yéntem ¢ok fazla hurda
drettigi icin pahalidir. Toz metalurji yontemi de
atomizasyon, eleme, karigtirma, gaz  giderme,
birlestirme,1sitma ve dovme gibi birgok islem basamagi
icerdiginden pahali bir yontemdir (1). Osprey prosesi
ckonomik ve teknik ac¢idan dovme endiistrisine ¢ok
onemli katkilar sagladigi igin Brooks iki patent ile
odillendirilmigtir.
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2. HISTORICAL DEVELOPMENT OF SPRAY
CASTING

The principles of the spray deposition process were
pioneered by Singer at the University of Swansea in the
early 1970s (48-50). Singer suggested the production of
rolling strip directly from molten metal as an alternative to
the practice of casting and rolling large ingots. The spray
rolling of metals studied by Singer became an alternative
to a process originally developed at the Reynolds Metal
Company in 1967 in which aluminium was centrifugally
atomised, reheated, fed into roll gaps, and hot rolled to
produce strip in a continuous operation. Most of Singer’s
work was performed on aluminium alloys. The general
principle of Singer’s process was to atomise a stream of
molten aluminium alloy using nitrogen and to direct the
resulting spray on to a pair of rolls. However, during this
process, the thickness of the as-deposited strip was not
uniform across its width (49).

Several years later, Osprey Metals Ltd., UK, which was
set up as a commercial enterprise by G. Brooks, A.
Leatham, and J. Combs, all graduate students from
Swansea, utilised the early ideas of Singer, for the
production of forging preform. A schematic of the process
is given in Figure 1. Briefly, the alloy charge is induction
melted in a sealed crucible located on top of the spray
chamber. When molten, the alloy passes through a
refractory nozzle (=5 mm diameter) in the bottom of the
crucible at a superheat of about 75 °C. In the atomisation
zone below the crucible, the stream of liquid metal is
broken up into a spray of droplets by the atomising gas,
typically either nitrogen or argon at a pressure in the range
0.6-1.0 MPa. Subsequently, the liquid droplets are cooled
by the atomising gas and accelerated towards a substrate
(collector). The gas removes a critical amount of heat
from the droplets during flight in the metal spray, so that
on impact with the substrate, the droplets flatten and
consolidate to form a dense deposit/preform (51, 52). The
Osprey process became an alternative to the existing two
basic production methods: the forging of pre-rolled
material and the powder metallurgy route. The first
method involves melting, casting into ingots, rolling into
bar, cutting into slugs, reheating and then forging. This
was the most common method for the production of
forgings. However, this route was expensive, because of
the large quantities of scrap generated. Powder
metallurgical routes, which require many process stages
consisting of atomisation, sieving, blending, de-gassing,
compacting, heating and then forging, is also expensive
(1). The Osprey process, which offers significant
economic and technical benefits to the forging industry,
resulted in two patents awarded to Brooks.
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Figure 1. Schematic of the Osprey Process (51)
Sekil 1. Sematik Osprey Prosesi (51)

Sprey dokim teknikleri 1980°de Aurora Celik Ltd.
Sirketi tarafindan yiiksek alagimhi takim ¢elikleri ve
yiiksek hiz g¢eliklerine uygulandi. Bu uygulamada atomize
edilen biyiik (0.5-1.5 mm) sivi damlaciklarin kolektor
iizerinde toplanmas1 ve 10° Ks' gibi yiiksek soguma
hizlarinda katilastirilmasi ile kontrollii sprey biriktirme
(KSB) teknigi gelistirilmistir. Ancak 1983°te Aurora Celik
Ingiltere’deki ekonomik durgunluk nedeniyle
isletmelerinin gogunu kapatmak zorunda kalmustir.

Sprey dokiim ydntemi ilizerine yapilan son calismalar
sivi dinamik sikistirma (SDS) tekniginin gelistirilmesine
yol a¢t1. Bu teknikte sik1 atmosfer kontrolii altinda, yiiksek
gaz basinct uygulamasiyla ince, hizli sogutulmus
parcaciklarin iiretimi saglanmustir.

3. TESIS VE TECHIiZAT

Sprey dokiim prosesinde dort ana {inite mevcuttur:
(1) ergitme ve dagitma iinitesi
(i) gaz atomizasyon cihazi
(iii) atomize edici gaz kaynagi icin dagitma ve kontrol

sistemi

(iv) depozit iinitesi

Ergitme ve dagitma iinitesinde atomizere ergimis metal
verilmesi saglanir. Ergitme gaz atomizasyon cihazinin
iistinde bulunan indiiksiyon firininda gergeklestirilir.
Ergitme ve dagitma teknigi alasim cinsine gore
diizenlenir. Reaktif elementler igermeyen alasimlar havada
ergitilebilir, ancak daha reaktif element igeren alagimlarin
ergitilmesi vakum altinda yapilmalidir. Pota igerisinde
ergimis metalin asirt 1sinmig  halde uzun siire
bekletilmesinden kaginilmalidir. Bu yiizden yiiksek akis

In 1980, the application of the principles of spray
deposition to highly alloyed tool and high-speed steels was
developed by Aurora Steels Ltd. This work resulted in the
technique known as controlled spray deposition (CSD)
which consisted of atomising a stream of molten metal and
projecting the high velocity liquid droplets so that they
collided with a cool substrate. This process was based on
the Osprey Process and used coarse (0.5-1.5 mm) liquid
droplets (53). On impact, the droplets splatted achieving
cooling rates of 10° Ks™'. In 1983, Aurora Steels closed the
majority of its operations due to the economic recession in
the UK.

Subsequent studies based on the spray forming process
resulted in the development of the liquid dynamic
compaction (LDC) process. In this process, high gas
pressure was employed under a tightly controlled
atmosphere to generate fine, rapidly quenched droplets
(54-62).

3. DESCRIPTION OF PLANT AND EQUIPMENT

There are four main units in the spray deposition
process, namely:

(i)  melting and dispensing unit;

(i)  a gas atomising device;

(iii) a distribution and control system for the supply of
atomising gas;

(iv) apreform unit.

In the melting and dispensing unit, a stream of high
quality liquid metal is supplied to the atomiser. Melting is
performed by induction heating in a furnace, which can be
directly linked with a tundish, located on top of the gas
atomiser.

The alloy type influences the melting and dispensing
technique that should be adopted. Alloys that contain no
reactive elements can be melted in air, but the processing
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hizina sahip, nozul i¢inde metal donmasimni Onleyecek

biiytik nozullar kullanilir. Genellikle ergimis metal pota

icerisinden gaz atomizasyon cihazina alagim cinsine bagl
olarak 1-10 ton saat’! arasindaki oranlarda dagitilir.

Ornegin dagitma orani gelikler ve siiper alagimlar igin 40-

150 kg dak’, aliiminyum ve magnezyum gibi hafif

alagimlar igin 5-25 kg dak™ dir.

Atomizasyon {nitesinde ergimis metal atomizasyon
gazi tarafindan kiiglik partikiillere atomize edilir.
Genellikle atomizasyon islemi igin azot gazi
kullanilmaktadir fakat diger bir soy gaz argonda bu islem
icin kullanilabilir. Atomizasyon gazi asagida belirtilen
amaglar i¢in kullanilmaktadir:

e  Ergimis metali ince partikiiller halinde parcalar
(kontrollii atomizasyon)

o Ince partikiillerin piiskiirtiilmesi ve kolektor iizerinde
toplanmas1  esnasinda  Onemli  oranda  1s1y1
parcaciklardan uzaklastirir (kontrollii sogutma)

e  Piiskiirtillen parcaciklar1 istenen sekilde bulunan
kolektor iizerine yonlendirir (kontrollii hizlandirma)

e  Partikiillere kinetik enerji verir

e  Atomizasyon/biriktirme prosesi esnasinda oksijen
kapilmasimm1 6nlemek amaciyla koruyucu atmosfer
ozelligi saglar.

Ergimis metalin atomizasyonunda atomizer dizayni
6nemli rol oynar. Gazin potansiyel enerjisini kinetik
enerjiye ¢eviren piskiirtiicli nozulun dizayni atomize
edilen pargaciklarin bilyiikliigiinii kontrol eder. Sekil 2°de
gosterildigi  gibi serbest diisme ve kapali-baglantili
seklinde iki cesit nozul dizaynt mevcuttur. Serbest diisme
nozul dizayninda gazin nozulden c¢ikmasi ve ergimis
metalle carpigmasit arasindaki mesafe uzundur. Bu
sistemde gaz ergimis metalle interaksiyona girmeden 6nce
5 ile 30 cm arasinda yol alir. Bu nedenle gazin serbest
diismesi esnasinda hizi azalir, atomizasyon yetersiz olur
ve biiyiik pargaciklar olusur. Kapali-baglantili nozul
dizayninda, gaz ergimis metale eriyigin verildigi tiipiin
hemen altinda garpar. Bu gazdan metale oldukca etkili
enerji  transferini  gergeklestirerek  kiiciik  pargacik
olusumunu saglar. Ince parcacik olusumu gaz ile metalin
interaksiyonu oncesi gazin yol aldigi mesafenin kisa
olmasi ile gergeklesir (49).
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of more reactive alloys should be undertaken under
vacuum. In order to provide high quality liquid metal,
excessive holding times at high superheats should be
avoided. Therefore, large nozzles are used which provide
high flow rates and prevent metal freezing problems in the
nozzle. Usually, molten metal is dispensed from the

tundish into the gas atomiser at a rate in the range 1-10

tonnes h™', depending on the alloy type. For example,

dispensing rates of around 40-150 kg min™ are employed
for steels and superalloys and 5-25 kg min™ for light alloys

such as aluminium and magnesium (10).

In the atomising device, the stream of molten metal is
atomised into a spray of fine particles by the atomising
gas. In general, nitrogen is used for the atomising process
but other inert gases such as argon may also be used. The
atomising gas serves the following purposes:

o [t disintegrates the stream of molten metal into a spray
of fine droplets with a large surface area so that heat
can be extracted rapidly and at a controlled rate from
the particles especially during flight (controlled
atomising).

e It removes a critical amount of heat from the droplets
during flight and subsequent deposition (controlled
cooling).

e It directs the spray of droplets onto a shaped collector
(controlled acceleration).

e It confers kinetic energy on the particles, which
subsequently impact the collector and weld together to
form a highly dense preform.

e It provides a protective atmosphere, which prevents
oxygen pick-up during the atomisation/deposition
process.

The atomiser design plays an important role in the
atomisation of the molten metal stream. The design of
atomisation nozzle, which changes the potential energy of
the gas into kinetic energy, controls the size of droplets.
There are two types of nozzle design, namely free fall and
close-coupled, as shown in Figure 2. In the free fall
design, after travelling a relatively large distance, the gas
interacts with the melt stream about 5 to 30 cm before
impact. Therefore, the gas velocity decreases whilst
travelling between the nozzle exit and the point of impact.
This results in insufficient atomisation and large sized
droplets in the spray. In the close-coupled design, the gas
strikes the metal stream at the end of the melt delivery
tube. This results in a highly efficient energy transfer from
gas to metal, leading to fine droplets in the spray. This is
because of the shorter distance between the gas and metal
stream before they interact (49).
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Figure 2. Diagram showing typical nozzle designs used in spray generation (a) free fall (b) close-coupled (49)

Sekil 2.

Atomizere gonderilen gaz akist ve basincinin gok
dikkatlice kontrol edilmis olabilmesi igin gaz dagitim ve
kontrol sistemi kullanilir. Sekil 3’te gosterildigi gibi bu
sistem s1v1 azot ve argonun depolandigi kriyogenik bir kap
ve sivi argon ve azotun gaz haline donistirildigi
buharlagtiricidan ibarettir. Kontrol sisteminde, sprey hiicre
atmosferi oksijen metre kullanilarak kontrol altinda
tutulur. Atomize edilen pargaciklarin  biriktirilmesi
esnasinda anlik degisen atomizasyon sartlarini kontrol
edebilmek ve sabit parametreleri saglamak amaciyla
mikro isleyici kullanilir (7). Ayrica gaz filtre etmek igin
toz seperatorleri kullanilir.

Aliminyum sprey dokiim tesisi, yiiksek alasiml
celikler gibi daha az reaktif malzemelerin sprey dokiim
tesisine gore farkli bir dizayn gerektirir (63). Bu farkliligin
iki sebebi vardir:

e Aliminyum oksijene yiiksek
kolayca okside olur.

e Ince aliiminyum tozlar1 ve oksijen arasinda ateslemek
icinde bir kaynak mevcutsa egzotermik bir reaksiyon
olusur.

Sprey dokiim yodnteminde atomizasyondan sonra
parcaciklar kolektor iizerinde birikmeden 6nce kisa bir
sire uctugundan kimyasal reaksiyon olusma riski toz
metalurji yontemine oranla azaltilmistir. Ancak yinede
aliminyum tozu ve oksijen arasinda olusabilecek bir
reaksiyonun yol agabilecegi patlama riskini azaltmak i¢in
baz1 giivenlik Onlemleri alinmalidir. Bu Onlemler su
sekilde siralanabilir:

e  Tesis atesleyici
yapilmalidir.

e  Sprey hiicresindeki atmosferi kontrol edebilmek i¢in
giivenlik kilitleri kullanilmalidir.

e  Kolektdr iizerinde toplanamayan tozlar
hiicresinden ayr1 bir boliimde toplanmalidir.

ilgisinden dolay1

olmayan malzemelerden

sprey

Sprey tiretiminde kullanilan tipik nozul dizaynlarini gésteren diyagram (a) serbest diisme b) kapali baglantili (49)

In order to supply gas to the atomiser under very
carefully controlled conditions of flow and pressure, a gas
distribution and control system is used. As shown in
Figure 3, this system involves a cryogenic vessel, which
stores liquid argon or nitrogen and a vaporiser, which
transforms liquid argon/nitrogen to the gaseous state. In
the control system, the spray chamber atmosphere is
monitored using an oxygen meter. Atomising conditions
that can be altered instantaneously during deposition are
controlled by a microprocessor in order to maintain
constant deposition parameters (7). Dust separators are
used to filter the gas, which flows through the atomiser
and spray chamber to atmosphere. Spray casting plant for
processing of aluminium requires a different design
compared to the processing of less reactive materials, such
as high alloy steels (63). There are two reasons for these
differences:

e Aluminium readily oxidises, because of the high
affinity of aluminium for oxygen.

e An exothermic reaction takes place when fine
aluminium powders, oxygen and a source of ignition
combine.

The risk of a chemical reaction is reduced in spray
casting compared to the powder metallurgy route, because
atomised droplets fly a very short time before the
consolidation process. However, several safety precautions
should be taken to further reduce the risk of explosion,
which could result from a reaction between aluminium
powder and oxygen. These precautions are:

e the plant can be constructed from non-sparking
materials;

o safety interlocks are used to control the atmosphere
within the spray chamber;

e overspray powder is collected at a site that is separate
from the spray chamber.
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Bir patlamanin meydana gelmesi durumunda,
patlamanin giivenli bir sekilde kontrol altina alinabilmesi
i¢in birkag sistem mevcuttur:

e  Tesisin uzaktan kumandasina izin veren video/CCTV
sistem

e Patlamayr caligma alanindan uzaga yonlendiren
patlama yardim panelleri.

Sprey altinda bulunan kolektoriin kontrollii hareket
ettirilmesiyle cesitli sekillerde depozit elde edilebilir. Bu
hareket kolektdre bagli, hidrolik giligle calistirilan bir
mekanizma tarafindan saglamr (7). Ornegin disk iiretmek
icin atomize edilen pargaciklar donen disk seklindeki bir
kolektor iizerinde biriktirilir. Ince veya kalin cidarl tiip
dretimi icin, pargaciklar donen mandrel {izerinde
biriktirilir. Serit veya sa¢ liretimi i¢in atomize edilen
parcaciklar biiyliik ¢apli silindir veya tekerlek {izerinde
toplanir (29, 64-66).

LIQUID ARGOMMITROJEN
SV ARGOMIAZOT

;
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To control any explosion safely, if this situation should
arise, several systems are employed:

e a video/CCTV-system, which permits remote control
of the plant;

e explosion relief panels, which direct any explosion
away from the work area.

A variety of shapes can be deposited by controlled
movement of the deposition substrate under the spray.
This movement can be achieved via a mechanism, which
is attached to the substrate and driven by a hydraulic
power pack (7). For example, to produce a disc preform,
atomised droplets are deposited onto a rotating disc
substrate. A thin or thick walled tube is produced by
spraying onto a rotating mandrel. To manufacture strip or
sheet, atomised droplets are deposited onto a large
diameter drum or wheel (29, 64-66).

CONTROL S5 TEMI)

CRYOQGEMC
STRORAGE VESSEL!

KRYOGEMK
DEPOLAMA KABI

KONTROL SISTEM

ATOMIZERS
ATOMIZER

W APORIZER!
Ld BUHARLASTIRICI

Figure 3. Gas storage and distribution system (7)
Sekil 3.  Gaz depolama ve dagitma sistemi (7)

4. SPREY DOKULMUS ALASIMLARIN
METALURJIK OZELLIKLERI

Sprey dokiimde katilagma hizi 10°-10* Ks™ gibi yiiksek
degerlerde olmasina ragmen, kati halde soguma toz
metalurji  yontemine oranla yavastir (67). Hizh
katilagtirma ile ince ve homojen mikroyapi, alasim
clementlerinin  artirtlmis  katt  ¢oziinlirligi, azaltilmig
segregasyon elde etmek miimkiindiir. Sprey dokiim
esnasinda hizli katilastirma prosesi ozellikleri daha az
derecelerde elde edilebilir. Ormegin sprey dokiimde ince
cokeltiler tiretilmesine ragmen, bu ¢okeltiler toz metalurji
yontemiyle {tiretilenlerden daha biiyliktiir. Genel olarak
sprey sekil verilmis alasimlar asagida gosterilen 6zellikleri
gosterirler (63):

e Yiiksek yogunluklu (% 96-99) depozit iiretilir.

e T/M yontemiyle kiyaslandiginda oksijen igerigi
azaltilir ve gaz giderme islemine gerek yoktur.

e Hizli katilagtirma ile ince, iiniform tane biiyiikliigiine
(20-50 um) ulaglir.

e Hizli katilagtirma sonucu makrosegregasyon azaltilir.

e  Mikroyap: icerisinde homojen olarak dagilmis ince
cokeltiler iretilir. Cokelme sivi/kati bolgesinde ¢ok
hizli olmasina ragmen, herhangi bir kati hal

SPRAY CHAMBER/
SPREY ODAS! EXHALSTY
CHIS

—te

4. METALLURGICAL CHARACTERISTICS
OF SPRAY FORMED ALLOYS

Although the solidification rates in spray casting are
high, equal to 10*-10* K s™', it should be noted that solid
state quenching is relatively slower than in the powder
metallurgy process (67). It is possible to achieve a fine and
homogeneous microstructure, increased solid solubility of
alloying elements and decreased segregation with rapid
solidification. During spray casting, the characteristics of
the rapid solidification process are observed, but to a lesser
degree. For example, although fine precipitates are
produced when spray forming, they are coarser than those
produced in powder metallurgy. Generally, spray formed
alloys show the following characteristics (63):

e High-density preforms, typically 96-99%  of
theoretical, are produced.

e Oxygen content is decreased, compared to P/M
products, and degassing operations are not needed.

e Rapid solidification results in a fine, uniform grain
size, typically in the range 20-50 um.

e As a result of rapid solidification, macrosegregation is
sharply decreased.

e Fine precipitates are

produced and uniformly
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transformasyonu nispeten yavastir.

e T/M ve I/M iiriinlerine kiyasla iistin kirilma
ozellikleri elde edilir. Bunun iki sebebi vardir:

(i) T/M ile kiyaslandiginda azaltilmis oksidasyon

(i) /M ile kiyaslandiginda  biiyiik  c¢okeltilerin
olmamasidir.

5. PROSES PARAMETRELERI

Sprey dokiim esnasinda {iretilen depozit ilizerinde
onemli etkiye sahip olan bagimsiz proses parametreleri
sunlardir:

e Eriyik agir1 1sinmasi (10-200 °C);

e Metal akis hiz1 (10°-2x10° m* s7');

e  Gazbasinci (0.5-1 MPa);

e  Sprey yiiksekligi (gaz nozul ile kolektor arasindaki
mesafe) (350 mm veya daha fazla);

e  Kolektdr hareketi (kolektor donme hizi, geri alma
hiz1 ve egme agisi).

Bagimsiz parametreler proses esnasinda direk olarak
kontrol edilebilir ve bagimli proses parametrelerini etkiler
(65, 68). Ilaveten bazi proses parametreleri operasyon
esnasinda degistirilemez. Bunlar atomizasyon gazinin
cinsi, metal ¢ikis nozulunun ¢api, atomizer dizayni ve
kolektdr malzemesidir.

Kolektdr {iizerinde olusan depozitin mikroyapisi
bagimli proses parametrelerinin kontroliiyle belirlenir.
Bagimli proses parametreleri piiskiirtiilen spreyin durumu
ve depozit ylizeyinin durumudur (68). Eger sprey ve/veya
depozit yiizeyi yiiksek oranda kati igeriyorsa, depozit
olusmayacaktir; bu durumda proses toz iretimiyle
benzerdir. Diger taraftan, eger spreydeki pargaciklarin
cogu ve/veya depozit yiizeyi sivi halde ise sprey dokiimiin
metalurjik ozellikleri geleneksel dokiim ydnteminin
ozellikleri ile benzerdir. Ideal miktarda sivi bu iki asir1
durumun arasinda olmalidir. Bu nedenle optimum sivi ve
kat1 parcacik karisimini {iretmek i¢in proses parametreleri
kontrol altinda tutulmalidir.

5.1. Spreyin Durumu

Spreyin durumu spreyin sivi igerigi, parcacik biiytiklik
dagilimi ve parcacik hizi ile karakterize edilir (69-72).
Sprey toplayict lizerine carpmadan Once istenen oranda
stvi igcermelidir. Bunun icin sprey yiiksekligi kontrol
edilmelidir. Sprey yiiksekliginin artirilmasiyla spreyin sivi
icerigi azalir ve depozitin iist yiizeyinde sivi tabakasi
olusumu engellenir. Buda depozitin gozenekli yapida
olmasina yol agar. Kii¢ciik ucus mesafelerinde, spreyden
1sty1  uzaklagtiran atomizasyon gazinin sprey ile
interaksiyonu i¢in yeterli zaman olmayacak ve bdylece
parcaciklarin biiyiik kismi tamamen sivi kalacaktir. Bu
depozitin iist yiizeyinde son derece kalin bir sivi tabakasi
tiretir. Olusan yap1 geleneksel ingot dokiim metoduyla
uretilen yapiya benzerdir (2, 73). Diger bir kritik
parametre spreyden uzaklagtirilacak 1smin  miktarini
etkileyen eriyik asir1 1sinmasidir. Bu degerin kiigiik olmast
her ugus yiiksekliginde spreyin siv1 igerigini azaltir (68).

Spreyden 1simin  uzaklastirilma hizim1  etkileyen
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distributed in  the microstructure.  Although
precipitation in the liquidus/solidus region occurs very
rapidly, any solid-state transformations are relatively
slow.

e Superior fracture properties are obtained in
comparison to P/M and I/M products. There are two
reasons for this:

i) Decreased oxidation compared to P/M;

ii) Absence of coarse precipitates compared to I/M.
Absence

5. PROCESS PARAMETERS

During spray casting, the independent process
parameters that have a major influence on the
metallurgical integrity of a spray deposit are:

e melt superheat (typical range 10-200 °C);

e metal flow rate (10’5-2)(10'6m3s'1 ;

e gas pressure (0.5-1 MPa);

e spray height, i.e. the distance between the gas nozzles
and the substrate (350 mm or more);

e substrate motion, which includes substrate rotation
speed, withdrawal rate and tilt angle.

These independent parameters can be directly controlled
during the process and affect a number of dependent
process parameters (65, 68). In addition, there are number
of pre-set parameters which cannot be changed during the
operation. These include the type of atomising gas
(nitrogen or argon), the diameter of the metal delivery
nozzle, the atomiser design and substrate material.

Consolidation and the resulting microstructure are
governed by controlling dependent process parameters.
These include the state of spray at deposition and the state
of the deposition surface (68). No deposit will be formed if
the spray and/or the surface of the deposit contain a high
fraction of solid; then the process will be similar to powder
production. On the other hand, if most of the droplets in
the spray and/or on the surface of the deposit are liquid,
the metallurgical properties of the spray casting will be
similar to those of a conventional casting. Thus, the ideal
amount of liquid must be between these extremes.
Therefore, the process parameters should be controlled to
produce the optimum mixture of liquid and solid droplets.

5.1. The State of the Spray at Deposition

The state of the spray is characterised in terms of the
percentage of liquid in the spray before impact, the droplet
size distribution and the droplet velocity (69-72). In order
to achieve optimal consolidation, the spray must contain
the desired fraction of liquid before impact. To obtain this,
the spray height should be controlled. An increase in the
spray height strongly decreases the percentage of liquid in
the spray and inhibits the formation of a liquid layer on top
of the deposit. As a result, a porous structure is developed
in the preform. At small flight distances, the atomising
gas, which extracts heat from the spray, has insufficient
time to interact with the spray so that a larger fraction of
the droplets is completely molten. This produces an
extremely thick molten layer on top of the deposit. The
resulting structure is similar to the structure produced by
conventional ingot casting (2, 73). Another critical
parameter that affects the amount of heat removal from the
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gaz/metal akis hizi orani spreyin soguma hizi iizerinde
6nemli rol oynar. Bu oran artirtlirsa her ugus
yiiksekliginde daha soguk, daha fazla katilasmis sprey
giretilir. Bu hem daha kiiciik par¢actk hem de metali
sogutacak daha fazla miktarda gazin mevcut olmasindan
kaynaklanir. Gaz/metal akis hizi oran1 gaz basinci, metal
¢ikis nozul ¢apt ve gaz mnozul c¢apmin farkl
kombinasyonlarinin se¢imi ile kontrol edilebilir. Gaz
basincinin  artirilmast pargactk ¢apinin ve sprey sivi
iceriginin azalmasina yol agar (74).

Atomizasyon gazinin cinsi sprey durumu iizerinde
onemli bir etkiye sahiptir. Atomizasyon i¢in azot yerine
argon kullanilirsa pargacik biiyilikliigi 6nemli oranda
etkilenmez fakat argonun diisiik 1s1l yaymimindan dolay1
181 transfer katsayisinin degeri azalir. Buda spreyin
soguma hizini azaltir (68).

5.2. Depozit Yiizeyinin Durumu

Sprey dokiim esnasinda depozit ylizeyinin durumu
depozitin st yiizeyindeki sivi yiizdesiyle karakterize
edilir. Bu depozit yiizeyinin ortalama 1sil durumu ile
kontrol edilir. Isil durum asagida Dbelirtilen 1s1l
sistemlerden birine uyar:

e Isinin yiizeyden uzaklagtirma hizi, yilizeye 1s1
girisinden daha diisiik ise ylizeyde bulunan pargacik
bir sonraki parcacigin yiizeye varisindan Once
katilagmaz. Bu depozit iist yiizeyinde poroziteyi
azaltan siirekli bir siv1 tabakasi iiretir. Bu durumda
depozit i¢inde equaks mikroyap: gelisir.

e  Tersine, 1s1 uzaklagtrma hiz1 1s1 girisinden daha
biiyiikse, yiizeyde bulunan pargacik bir sonraki
parcacigin yiizeye varisindan oOnce katilasir. Bu
durumda, bosluklarmn sivi ile yetersiz doldurulmasi
nedeniyle olusan mikroyap1 6nemli oranda porozite
icerir (49).

Depozit iist yiizeyinden 1s1 iki sekilde ¢ikarilir: 1siy1
depozitden kolektdre iletmek ve yiizeyin atomizasyon gazi
ile sogutulmasi. Pargaciklar kolektor iizerine ilk kez
geldiklerinde, 1s1 uzaklastirma hizi depozitden kolektore
1s1 iletme hizindan daha yiiksektir, ¢iinkii depozit tamamen
kolektore yapismis sadece ince bir tabakadir. Bu durum
depozitin tabaninda soguk boélge olusumuna yol agan
yiiksek sogutma hizlariyla sonuglanir.  Depozitin
tabanindaki soguk bolgede c¢ok sayida porozite igeren,
ince taneli bir yap1 olusur. Depozit tabaninda porozite
olusumunun nedeni katilasma sonrasi ¢ekme bosluklarini
dolduracak yeterli sivi metalin olmayisidir. Depozit
biiyiidiikce, kolektore yapisma zayiflar ve 1s1 uzaklastirma
hiz1 diiser. Bu daha yavas sogutma hizi iireterek depozitin
merkezinde daha bilyiik equaks tanelerin olusumuna yol
acar. Ayrica depozit kalinlastikga depozit yiizeyinde sivi
orani artar ve porozite seviyesi azaltilir. Atomizasyon gazi
depozit iist yiizeyinde ¢ok yiiksek soguma hizlarina yol
acarak ince, equaks taneler olusur (73, 75).
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spray before impact is the melt superheat. Smaller values
of melt superheat make the percentage of the liquid in the
spray lower at any flight distance (68).

The ratio of gas-to-metal flow rates, which affects the
rate of heat removal from the spray, plays an important
role on the cooling rate of the spray. Increasing the gas to
metal flow rate ratio produces a colder/more-solidified
spray at any flight distance. This is due to the effect of
both a smaller droplet size and a larger quantity of gas
available to cool the metal. Gas to metal flow rate ratio can
be controlled by selecting different combinations of
atomising gas pressure, diameter of metal delivery nozzle
and gas nozzle diameter. Increasing the atomising gas
pressure results in a decrease in the droplet diameter and
percentage of liquid in the spray (74).

The type of atomising gas has a significant effect on the
state of the spray. If argon is used for atomisation instead
of nitrogen, droplet size is not significantly affected but
the value of the heat transfer coefficient decreases due to
the lower thermal diffusivity of argon. This decreases the
cooling rate of the spray (68).

5.2. The State of the Deposit Surface

The state of the deposit surface during spray casting is
characterised by the percentage of liquid on the top surface
of the deposit. This is controlled by the average thermal
conditions of the deposit surface. The average thermal
condition on the top surface of deposit may reside within
one of these thermal regimes:

e If the rate of the heat extraction at the substrate is
lower than the heat input at the upper surface, the
individual droplets do not solidify before the arrival of
the next droplet. This produces a continuous liquid
layer on top of the deposit, which reduces porosity. As
a result an equiaxed microstructure is developed in the
deposit.

e Conversely, if the heat removal rate is more than the
heat input on top of the deposit, each droplet solidifies
before the arrival of the next droplet. In this condition
the resulting structure can have a considerable amount
of porosity, due to insufficient filling of interstices
(49).

Heat from the top surface of the deposit is extracted in
two ways: conduction to the deposit/substrate and cooling
of top surface by the atomising gas. When droplets first
arrive on the substrate, the heat extraction rate is higher
than the rate of heat transport to the substrate because only
a thin deposit, which is fully adherent to the substrate, is
present. This results in very high cooling rates, leading to a
chill zone at the bottom surface of deposit comprising fine
grains with a large number of pores. The pores form at the
bottom surface of the deposit because of an inadequate
presence of liquid metal to accommodate solidification
shrinkage. As the deposit grows, the substrate adherence
becomes poorer and the heat removal rate falls. This
produces a slower cooling rate, leading to the formation of
coarser equiaxed grains in the central zone of the deposit.
Furthermore, as the deposit thickens, the top surface liquid
fraction increases and porosity levels are reduced.
However, at the top surface of the deposit, the effect of the
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6. POROZITE

Sprey sekil verme ydnteminde depozit daima %1-10
arasinda porozite igerir. Ug ¢esit depozit porozitesi vardir:
e Gaz yakalanmas:: Atomizasyon veya pargacik

biriktirme  asamasinda  atomizasyon  gazinin
tutulmasi.
e (Cekme porozitesi: Molar hacimdeki azalma

nedeniyle katilasma esnasinda olusur.

e Intersplat porozite: Sivi metalin yetersiz olmasi
nedeniyle depozitin iist yiizeyindeki bosluklarin
doldurulamamasi sonucu olusur.

Sprey sekil verilmis depozitlerde en sik rastlanan
porozite cinsi gaz yakalanmasidir. Reaktif olmayan (inert)
atomizasyon gazinin yakalanmasi ¢cok miktarda poroziteye
yol acar. Bu poroziteler metal veya alasimla reaksiyona
giren reaktif gazlarin kullanimiyla giderilebilir (76).
Omegin sprey dokiilmiis nikel bazli siiper alasimlarda azot
gazmin kullanimiyla ¢ok diisiik seviyelerde porozite
retilir. Clinkii azot gazi siiper alasimin icerdigi belli
alasim elementleriyle reaksiyona girerek nitrit olusturur.
Bunun aksine azot gazi sprey dokiilmiis bakir igin
kullanilirsa, % 1’den daha fazla porozite olusur.

Toz metalurji yontemine gore, sivi metal ve
cevresindeki atmosfer arasindaki interaksiyon zamani ¢ok
kisa oldugu i¢in sprey dokiim yonteminde kalint1 oksijen
ve hidrojen seviyesi daha diisiiktiir (77, 78). Tablo 1 sprey
dokiilmiis depozit ve toz metalurji yontemiyle iiretilmis ve
vakum altinda gaz giderme islemi uygulannus biletlerin
oksijen ve hidrojen igeriklerini gostermektedir (79).
Ayrica atomize edilmis parcacigin ugusu esnasinda
herhangi bir oksit filmi olugsa dahi, sprey depozit iizerine
carptiginda bu film bozulacak ve ince bir sekilde
yayilacakti. Bu nedenle toz metalurji yontemiyle
uretilmis pargalarla kiyaslandiginda sprey dokiilmiis
iriinler daha iyi siineklik ve tokluk 6zelliklerine sahiptir.

Table 1.
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atomising gas gives rise to quite high cooling rates,
resulting in fine equiaxed grains (73, 75).

6. POROSITY

In the as-sprayed condition, deposits always include
some porosity, usually in the range 1 to 10 %. There are
three types of deposit porosity:

e Gas entrapment: entrapment of the atomising/carrier
gas occurs during the atomisation or deposition stages.

e Shrinkage porosity: forms during the solidification due
to the decrease in molar volume.

e Intersplat porosity: at the deposit top surface, the holes
or interstices may not to be filled because of an
insufficient liquid metal presence.

Gas entrapment is a frequently encountered type of
porosity in spray formed deposits. An unreactive or inert
atomising gas, which is trapped during deposition, causes
a large amount of porosity. This gas entrapment can be
eliminated by using reactive gases, which react with the
metal or alloy (76). For example, a lower level of porosity
in spray forming nickel-base superalloys is produced using
nitrogen gas because the nitrogen reacts with certain
alloying elements in the superalloy to form nitrides. In
contrast, when nitrogen is used for spray forming copper,
more than 1 % porosity is formed, because nitrogen is
inert with respect to copper.

When compared to PM processing, spray deposition
process offers specific advantages in terms of residual
oxygen and hydrogen levels which are considerably lower
as a result of the very short interaction time between the
liquid metal droplets and the surrounding atmosphere (77,
78). Table 1 shows typical orders of magnitude for oxygen
and hydrogen contents for SD and PM materials (the PM
materials considered here have been vacuum hot degassed)
(79). Furthermore, if any oxide film is formed during the
flight of the atomised droplet, it is likely that it will be
disrupted and finely dispersed when impacting the semi-
solid preform surface. This probably accounts for the
better ductility and fracture toughness of SD products as
compared to their PM counterparts.

Typical orders of magnitude of oxygen and hydrogen content for PM billets after degassing and as sprayed preforms (79)

Cizelge 1. Sprey dokiilmiis preformlarin ve gaz giderme islemi uygulanmis TM biletlerinin tipik oksijen ve hidrojen igerikleri (79)

Process/Proses Oxygen content/ Hydrogen content/
Oksijen icerigi (ng/g) Hidrojen icerigi (ug/g)
Spray Cast/Sprey Dokiim 50 to 200 0.1t00.2
P/M/T/M 1000 to 3000 l1to4

7. SPREY DOKUM YONTEMINDE
KATILASMA MEKANIZMASI

Sprey dokiim yonteminde katilagma mekanizmasi 2
kisimdan olusur. Birinci kisimda atomizasyona ugramis
malzemenin biiyiik bir bolimii (% 50-70) ugus esnasinda
hizlica katilasir. Ikinci katilasma ise depozit yiizeyinde
gerceklesir. Birinci katilagma hizi  yiiksek olmasina
ragmen, ikinci katilasma hizi nispeten daha diigiiktiir (68,
80). Atomizasyondan sonra farkli biiyiikliikte pargaciklar

7. SOLIDIFICATION MECHANISM OF
SPRAY DEPOSITION

The solidification process in spray casting occurs in two
stages. In the first stage, a majority of the atomised
materials (50-70 %) solidify rapidly during flight. The
second stage takes place on the deposit surface where the
dendritic structure of partially solidified droplets is
fragmented during impact and solidification of the
remaining liquid fraction takes place. In contrast to the
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iceren sprey, ugus esnasinda atomize edici gaz tarafindan
sogutulur. Kiigiik pargaciklarin soguma hiz1 biiyiik
parcaciklara gore daha yiiksektir (68).

Spreyin ugusu swrasinda pargaciklarin  bir kism
dendiritik, bir kismida dendiritik olmayan yapida katilasur.
Sprey yiiksek hizla depozit ylizeyine carptiginda bu
dendiritler kirilirlar. Kirilan dendirit pargalar1 veya
dendiritik yapida olmayan kiigiik kat1 pargaciklar depozit
yilizeyindeki sivi metal igerisinde yeniden eriyebilirler.
Ucus esnasinda pargaciklarin bir kismida tamamen sivi
haldedir. Tamamen sivi haldeki pargaciklar depozit
ylizeyine gelerek depozitin sivi1 igerigine eklenirler.
Boylece depozit ylizeyi kirilmig dendirit pargalari, kati
parcaciklar ve sivi metalden ibarettir (73, 81). Katilasma
ya sivi igerisinde yiiksek yogunlukta ¢ekirdeklenme
bolgeleri saglayan kirilmis dendirit parcalari yada ugus
esnasinda dendiritik yapida olmayan kiiciik kati
parcaciklar iizerinde olur. Hizli katilagma soguk
atomizasyon gazinin depozit yilizeyini sogutmasi
(konveksiyon sogutma) ile olur. Yiksek hizli
parcaciklarin  depozit yiizeyine transfer ettikleri
momentum sonucu olusan tiirbiilans hem sicaklik hem de
kompozisyonda bdlgesel homojenizasyon saglar. Buda
dendiritik olmayan, kiiresel tenelerden olusan equaks
morfolojiyle sonuclanir (28). Equaks tane morfolojisinin
olusumu i¢in diger bir mekanizma depozit iizerinde
biriktirme veya sonrasinda olusabilecek yeniden
kristallesmedir. Bu durumda, reaksiyon katilasma
esnasinda {iretilen 1s1l gerilmeler sayesinde olusur (49,
54).

8. SPREY DOKULMUS ALUMINYUM
ALASIMLARININ MEKANIK
OZELLIiKLERIi

Sprey dokiilmiis aliiminyum alagimlarinin mekanik
ozellikleri, ayni alagimlarin geleneksel ingot metalurji ve
toz  metalurji  yontemiyle  {retilmis  {irlinleriyle
kiyaslannmstir. SDS, IM ve TM metodlariyla iiretilmis
X2020 aluminyum alagiminin ¢ekme &zelliklerinin
kiyaslanmas: Tablo 2’de gosterilmektedir (48). Hizh
katilagtirllmis TM  metoduyla iretilmis X2020’nin
mekanik  Ozelliklerindeki iyilesme, bu malzemede
geleneksel ingot dokiim yonteminde rastlanan kaba
partikiillerin bulunmamasindan kaynaklanmaktadir. TM
ile iretilmis X2020’ye kiyasla SDS yontemiyle tiretilmis
X2020’nin Ozelliklerinde gozlenen artis oksit fazlarin
miminimize edilmesinden kaynaklanmaktadir (81).

Tablo 3 ingot metalurji, hizli katilagtirilmis splat ve
SDS yontemiyle iretilmis 2024 aluminyum alagiminin
¢ekme test sonuglarini géstermektedir. SDS alagimi T4 1s1l
islem sartlarinda diger iki alasimdan daha yiiksek ¢ekme
ve akma mukavemetine sahiptir. TM alagimi ise SDS ve
ingot alasimina gére daha yiiksek uzamaya sahiptir (67).
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first stage, which has rapid cooling rates, the second stage
is characterised by a relatively low cooling rate (68, 80).
After atomisation, the spray contains droplets of different
sizes, which are cooled by the atomising gas during flight.
The cooling rate of a small droplet is higher than that of a
large droplet, because of the larger surface-area-to-volume
ratio (68).

Dendrite fragmentation takes place when droplets, in
which dendritic solidification has occurred in flight,
impact at high velocity onto the surface of the preform.
The fine, pre-solidified particles or the dendrite fragments
appear to re-melt in the liquid metal. The pre-solidified
particles and coarse, fully molten particles add to the solid
and liquid content at the surface of the preform. Thus, the
preform surface consists of a mixture of dendrite
fragments, pre-solidified particles and liquid metal (73,
81). Solidification probably arises from either the remains
of the dendrite fragments, which provides a high density of
nucleation sites in the liquid, or the solid particles in a
non-dendritic mode. Rapid solidification occurs by
convective cooling to the relatively cold atomising gas as
it flows over the surface of the preform. The turbulence,
which results from the mechanical momentum transferred
by high velocity droplets to the deposition surface,
provides local homogeneity in terms of both temperature
and composition. This results in an equiaxed morphology,
which is typified by non-dendritic and spherical grains
(28). Another possible mechanism for the origin of the
equiaxed grain morphology, is a solid state
recrystallisation reaction in the deposit during or after
deposition. In this case, the thermal stresses generated
during solidification provide the driving force for the
reaction (49, 54).

8. MECHANICAL PROPERTIES OF SPRAY
CAST ALUMINIUM ALLOYS

The mechanical properties of aluminium alloys
produced by the spray casting route have been compared
with those of the same alloys produced by the
conventional ingot metallurgy and powder metallurgy
routes. A comparison of the tensile properties of LDC, IM
and PM X2020 aluminium alloy is shown in Table 2 (48).
The improvements in the mechanical properties of the
rapidly solidified PM material are attributed to the
elimination of coarse second phases present in the
conventional material. The further improvement observed
in the LDC product is attributed to the minimisation of
oxide phases found in the PM material (81).

Table 3 shows tensile data for ingot metallurgy, rapidly
solidified-splat and liquid dynamic compacted 2024
aluminium alloy. The LDC alloy has a greater UTS and
yield strength than the other two alloys in the T4
condition. The powder metallurgical alloy has a higher
elongation to fracture than the LDC alloy which is equal to
that found in the conventional IM material (67).
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Table 2. Tensile properties of X2020 aluminium alloy processed by different routes (86)
Tablo 2. Farkli metodlarla iretilmis X2020 aliiminyum alasiminin ¢ekme 6zellikleri (86)

Process/Proses

0'\/5/0'/\1) (MPa)

O'UTS/O'CD (MPa)

Elong./Uzama (%)

Condition/Isil islem

Ingot metallurgy/
ingot metalurji

531

570

3

T6

Rapidly solidified powder
metallurgy/hizli katilagtirilmis
toz metalurjisi

622

649

5

T6

Liquid dynamic compaction
(LDC)/S1v1 dinamik sikigtirma
(SDS)

648

666

T6

Rapidly solidified powder
metallurgy/hizl katilagtirilmig
toz metalurjisi

622

649

T7

Liquid dynamic compaction
(LDC)/S1v1 dinamik sikistirma
(SDS)

587

621

T7

Table 3. Tensile properties of 2024 aluminium alloy produced by different processes (67)

Tablo 3. Farkl: proseslerle tiretilmis 2024 aliiminyum alasiminin ¢ekme 6zellikleri(67)

Process/Proses oys/Gap (MPa) ours/ocp (MPa) Elong./Uzama (%) Condition/Isil islem
Ingot metallurgy/ Ingot metalurji 317 455 16 T4
Rapidly solidified (RS)-Splat/Hizli 351 502 24 T4
katilagtirma (HK)-splat
Liquid dynamic compaction (LDC)/Siv1 417 586 16 T4
dinamik sikigtirma (SDS)

9. SPREY DOKULMUS Al-Zn-Mg-Cu
ALASIMLARI

Bu boliimde sprey biriktirme yontemiyle tiretilmis 7xxx
serisi yliksek mukavemetli aliiminyum alagimlarinin
mikroyap1 ve mekanik 6zellikleri incelenecektir.

9.1 Sprey Dokiilmiis Al-Zn-Mg-Cu Alasimlarinin
Mikroyapisi

Machler ve arkadaslari (82) AlZnl11MgCu seklinde
gosterilen, 11% Zn, 2% Mg, 1% Cu ve 0.3% Zr igeren,
Osprey prosesiyle iiretilmis ve ekstriizyon uygulanmig
7xxx alagimi lizerinde g¢alistilar. Onlar bu alagimin 5-15
pm tane biiyiikliigline ve 2-3 um alt tane biiyiikliigline
sahip ince ve homojen bir yapida oldugunu saptadilar.
Hem T6 (maksimum yaglandirma) hem de T7 (asirt
yaslandirma) yaslandirma islemlerinden sonra n' and n
¢okeltileri gozlendi. Bu iki 1s1l iglem sonucunda olusan n'
and n yaslandirma ¢okeltilerinin biiyiikliigii ve hacim
orant birbirlerinden farkli idi. T6 yaslandirma islemi
sonucunda olugan ¢okeltilerin biiyiik bir kismi1 2-5 nm
biiyiikliigiindeki n' idi ve yap1 i¢inde homojen bir sekilde
dagilmistt. T7 yaslandirma islemi ¢ogunlukla ny, 1, and
14 degisik bigimlerinde bulunan m  ¢okeltilerini
icermekteydi. Bu ¢okeltiler 10-30 nm biiyiikliigiinde plaka
seklindeydi ve hacim oranlar olduk¢a yiiksekti. Ayrica,
25 to 45 nm biiyiikligiinde kiiresel AlsZr ¢okeltileri ve
birkag tane 2-5 pm biyikligiinde aym fazin iri
partikdilleri gozlendi.

7075 (%5.4 Zn, %2.4 Mg, %1.7 Cu, %0.2 Cr), 7150
(%6.6 Zn, %2.2 Mg, %2.2 Cu, %0.1 Zr) and 7150X
(%124 Zn, %19 Mg, %19 Cu, %0.1 Zr) olarak
gosterilen, birkag sprey dokiilmiis ve ekstriize edilmis
7xxx alasimi Lengsfeld ve arkadaslari tarafindan
arastirilldi (83). Onlar T6 yaslandirma kosullarinda biitiin
alasimlarda n Mg(Zn,Cu),, Mg,Si ve Al3Zr gibi ikinci faz

9. SPRAY CAST Al-Zn-Mg-Cu ALLOYS

In this part, the microstructure and mechanical properties
of 7xxx series high strength aluminium alloys, produced
using spray deposition, will be reviewed.

9.1 Microstructure of Spray Cast Al-Zn-Mg-Cu
Alloys

Machler et al. (82) characterised an Osprey-processed
and extruded 7xxx alloy, designated AlZn11MgCu, with a
composition of 11% Zn, 2% Mg, 1% Cu and 0.3% Zr.
They observed that this alloy had a fine, homogeneous
structure with a grain size of 5-15 pum and a subgrain size
of 2-3 um. The precipitates ' and n were detected in both
T6 (peak aged) and T7 (overaged) temper conditions
which differed from each other only in the size and
volume fraction of m' and m. In the T6 temper, n'
precipitates were dominant and distributed homogeneously
with a size of 2-5 nm. The T7 temper contained mainly n
precipitates identified as 1, 1, and ng4 variants. They were
of platelet shape, 10-30 nm in size and their volume
fraction was very high. In addition, 25 to 45 nm sized
spherical shaped Al;Zr precipitates, and a few coarse
particles of the same phase with a size of 2-5 um, were
observed.

Several spray deposited and extruded 7xxx alloys,
namely 7075 (5.4% Zn, 2.4% Mg, 1.7% Cu, 0.2% Cr),
7150 (6.6% Zn, 2.2% Mg, 2.2% Cu, 0.1% Zr) and 7150X
(124% Zn, 1.9% Mg, 1.9% Cu, 0.1% Zr), were
investigated by Lengsfeld et al. (83). They observed the
presence of second phase particles, such as 1 Mg(Zn,Cu),,
Mg,Si and Al;Zr, in all the alloys in the peak aged
condition (T6). In addition, Al,Cr particles were identified
in the 7075 alloy. On the basis of transmission electron
microscopic investigations carried out on these alloys in
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partikiillerini gozlemlediler. Ayrica, 7075 alagiminda
Al;Cr partikiilleri gozlendi. Onlar bu alagimlara uygulanan
T6 yaslandirma isleminden sonra yaptiklari gecirimli
elektron mikroskop c¢aligmalar1 sonucunda, ¢inko
iceriginin artirilmasi ile mukavemeti artiran 1' and m
¢okeltilerinin hacim oraninin yiikseldigini belirlediler.

Sanctis (84) Osprey yontemiyle iiretilmis ve ekstriize
edilmis Al-Zn-Mg-Cu alagimlar iizerinde caligti. Sanctis
T6 yaslandirma kosullarinda maksimum sertligin yapida
cok yiiksek miktarda bulunan n' ¢dkeltilerinden (50 A
capinda) kaynaklandigimi o6ne sirdi. T7 (asin
yaslandirma) kosullarinda tane smirlarinda yaklasik 400 A
genigliginde CSB (¢okelti serbest bolgesi) ve kiicik m
cokeltileri gozlendi. Ayrica GEM (gecirimli elektron
mikroskobu) ve EDX (x-1sinlar1 mikroanalizi) 6lgtimleri
kiiresel Al;Zr ¢okeltilerinin varligini ortaya ¢ikardi.

Sivi dinamik sikistirma (SDS) teknigi ile iiretilmis ve
ekstriize edilmis 7075 + %1 Ni + %0.8 Zr alasim1 Ando
ve arkadaslar1 tarafindan gegirimli elektron mikroskobu
kullanilarak arastirildi (85). Onlar 5 nm biiyiikliigiinde
ince n' ¢okeltilerini gdzlemlediler. Yapida sertlestirmeyi
saglayan bu temel fazin yanisira, Al;Ni ve Al;Cu,(Fe,Ni)
and Mgz, (AL Zn),y partikiilleri bulundu. Onlar tokluk ve
yorulma mukavemetini zararli yonde etkileyen bu iri
partikiillerin  biiyiikliigi ve konsantrasyonunun, ayni
kompozisyona sahip ingot metalurji yontemiyle iiretilmis
bir alasimda bulunan partikiillerden ¢ok daha az oldugunu
acikladilar. Ayrica bu alagimda ¢okelti serbest bolgelerine
sik¢a rastlanmadi.

9.2. Sprey Dékiilmiis Al-Zn-Mg-Cu
Alasimlarinin Mekanik Ozellikleri

Diisiik sicaklikta sprey dokiilmils 7xxx aliiminyum
alasgimlarinin mekanik 6zelliklerinin, geleneksel dokiilmiis
ve toz metalurji yontemiyle iretilmis 7xxx aliiminyum
alagimlart ile kiyaslanmasi Tablo 4’de gosterilmektedir
(55, 79, 82-84, 86). Tablo 5’te Tablo 4’te verilen
malzemelerin kimyasal kompozisyonlar1 gosterilmektedir.
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the peak aged condition, they also concluded that
increasing the Zn content raised the volume fraction of n'
and m precipitates, leading to an improvement in strength.

Sanctis (84) studied Osprey-processed and extruded Al-
Zn-Mg-Cu alloys. He suggested that the maximum
hardness in the T6 (peak aged temper) condition was
associated with a very high volume fraction of plate-like n'
precipitates (ranging up to 50 A in diameter) (84). In the
T7 (overaged temper) condition, the formation of a PFZ
(about 400 A in width) and small n precipitates at the
grain boundaries were observed. In addition, TEM and x-
ray microanalysis (EDX) measurements revealed the
presence of spherical Al;Zr particles.

The microstructure of a 7075 + 1% Ni + 0.8% Zr alloy,
processed by liquid dynamic compaction (LDC) and
extruded, were investigated by Ando et al. (85) using
transmission electron microscopy. They observed fine n'
precipitates with a size of 5 nm. This major strengthening
phase co-existed with platelets of AI;Ni and relatively
small particles of constituent phases such as Al;Cu,(Fe,Ni)
and Mgs,(ALZn)y. They concluded that the size and
concentration of these coarse constituent particles, which
are detrimental to the toughness and the fatigue strength of
the LDC processed alloy, were considerably lower than
those present in conventional ingot metallurgy alloys of
similar composition. In addition, PFZs were infrequently
observed in this alloy.

9.2. Mechanical Properties of Spray Cast Al-Zn-
Mg-Cu Alloys

The comparison between the room temperature
mechanical properties of spray deposited 7xxx aluminium
alloys and conventionally and powder metallurgy
processed 7xxx aluminium alloys is shown in Table 4 (55,
79, 82-84, 86). Table 5 shows the chemical compositions
of the materials presented in Table 4.

Table 4. Comparison between room temperature mechanical properties of spray deposited 7xxx aluminium alloys and
conventionally and powder metallurgy processed 7xxx series aluminium alloys
Tablo 4. Diisiik sicaklikta sprey dokiilmiis 7xxx aliminyum alasimlarinin mekanik Ozelliklerinin geleneksel dokiilmiis ve toz
metalurji yontemiyle tiretilmis 7xxxaliiminyum alagimlari ile kiyaslanmasi
Alloy/Alasim Process/Proses Gys/Cap Guts/Gep Elong./ Kic Reference/
(MPa) (MPa) Uzama (%) (MPa m'/’) Referans
7075X-T6 LDC/SDS 740 816 8.6 - Lavernia ve Grant
UM/I/M 716 737 1.5 -
E1-C-T6/ E1-S-T6 Osprey 790 810 4.90 17.0 Sanctis
E1-PM-T6/E1-TM-T6 P/M/T/M 716 735 1.90 13.0
Spray Cast-L/Sprey 790 805 9.00 20.0
Dokiim-L
High solute 7xxx-T6/ Spray Cast-T/ 675 720 5.00 10.0 Faure ve Dubost
Yiiksek ¢oziinen 7xxx-T6 Sprey Dokim-T
P/M-L/T/M-L 773 773 2.80 7.30
P/M-T/T/M-T 685 716 1.30 6.10
7150-T6 Spray Cast/ 623.7 667.8 14.7 11.9 Lengsfeld ve
7150X-T6 Sprey Dokiim 776.5 808.9 14.1 12.7 arkadaglar1
Txxx-T6 Osprey-L 705 719 16.0 38.2 Machler ve
Osprey-T 620 643 8.20 17.3 arkadaglari
7150-T6 LDC/SDS 524 580 9.90 - Duan ve
7150-FS-T6/ 566 635 10.6 - arkadaglart
7150-DS-T6
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Table 5. Chemical compositions of 7xxx series aluminium alloys presented in table 4 (alloy compositions in wt.%)
Tablo 5. Tablo 4’de gosterilen 7xxx serisi aliminyum alasimlarinin kimyasal kompozisyonlari (alasim bilesimleri % agirlik cinsinden)

Alloy/ Zn Mg Cu Zr Fe Si Cr Al
Alasim
7150 6.62 2.18 2.20 0.11 0.06 0.04 - Bal./Denge
7150X 124 1.94 1.95 0.10 0.05 0.04 - Bal./Denge
7XXX 11.0 2.00 1.00 0.30 <0.20 - Bal./Denge
7150 6.40 2.35 2.30 0.12 <0.15 <0.12 - Bal./Denge
7150-FS/ 6.40 2.35 2.30 0.12 0.56 0.40 - Bal./Denge
7150-DS
7075X* 6.27 3.05 1.7 0.76 0.13 0.03 0.21 Bal./Denge

. Nikel miktar1 (% agirhik): 1.

SDS teknigiyle iiretilmis 7075X alasimi ¢ekme test
sonuglart (6¢p = 818 MPa, cap = 786 MPa, e= 6.5%)
ingot metalurji yontemiyle iiretilen ayni alasimdan elde
edilen sonuglardan (ccp = 762 MPa, 65p = 750 MPa, ¢ =
2%) 6nemli oranda biiyiik ¢ikmustir (86).

Osprey prosesi ile iretilmis EURA1-Soguk (EI-S)
alasiminda maksimum yaslandirma kosulunda (T6
temperi) nispeten diisik uzama degeri (e = 4.9%)
gozlenmesine ragmen, 800 MPa’in {izerinde mukavemet
degerine ulasti. Toz metalurji teknigiyle tretilmis E1
alasimmin mukavemet, kirtlma toklugu ve uzamasi sprey
dokiilmiis E1 alagimindan onemli 6l¢iide diisiik ¢ikmustir.
Gegirimli  elektron ~ mikroskop  incelemesi  farkli
proseslerde iiretilmis bu alagimlarin yapisinda bulunan
sertlestirmeyi  saglayan c¢okeltilerin  biyikligi ve
yogunlugu arasinda oOnemli bir farklihik olmadigini
gostermisgtir. Yazar toz metalurji teknigiyle {iretilen
alasimda uzama ve K¢ (kirilma toklugu) degerlerinin
diisiik olmasinin sebebini bu alasimin yiiksek miktarda
gaz icermesine baglamistir (84).

Sprey dokiilmiis i¢inde yiiksek oranda ¢oziinen alagim
elementi iceren 7xxx aluminyum alagimimnin uzama ve
kirtlma tokluk degerleri (e = 9% and K;c = 20 MPa m”)
ayni alasimin toz metalurji yontemiyle tiretilmis tirliniiniin
uzama ve kirilma tokluk degerlerinden (e = 2.8% and
Kjc=7.3 MPa m”) oldukca yiiksek ¢ikmustir (79).

En yiiksek mukavemet degeri, Osprey metoduyla
tiretilmis  7150’nin mukavemetinden (c¢p=667.8MPa)
belirgin bir sekilde yiiksek olan Osprey metoduyla
tiretilmis  7150X  alasimi1  (6¢p=808.9MPa) tarafindan
sergilenmistir. Bu n' and n ¢okeltilerinin hacim oraninin
artmasina yol agan ¢inko igeriginin  artigindan
kaynaklanmistir (83).

Osprey yontemiyle iiretilmis Al-%11Zn-%2Mg-%1Cu-
%0.3Zr kompozisyona sahip 7xxx alasiminda ¢okeltilerin
yiiksek konsantrasyonundan dolay1 yiiksek mukavemetle
(ocp =719 MPa, 6,p = 705 MPa) birlikte yeterli siineklik
(e = 16%) elde edilmistir. Bu alasimin kirilma tokluk
degeri uzunlamasma yonde (K = 38.2 MPa m”)
olaganiistii yiiksek ¢ikmistir (82).

SDS prosesiyle iiretilmis ve sicak haddelenmis, demir
ve silisyum igerigi (0.5% Fe and 0.4% Si) artirilmisg 7150
aliminyum alagimi maksimum yaglandirma sartlarinda,
diisiik  sicaklikta  milkemmel ¢ekme  6zellikleri
gostermistir: ocp = 635 MPa, 6ap = 66 MPa and e
=10.6%. Nispeten yiiksek demir ve silisyum igerigine
ragmen, sprey dokiim ydntemiyle tiretilen alasimlarda iri
partikiillerin incelmesi bu alagimlart ingot metalurji
iriinlerine nazaran empiiriitelere karsi daha toleransh
yapmistir(55).

Tensile test results for the LDC processed 7075X
product (cyrs = 818 MPa, cys = 786 MPa, e= 6.5%) were
significantly higher than those of the corresponding ingot
metallurgy product (oyrs = 762 MPa, oys = 750 MPa, e =
2%) (86).

Osprey processed EURA1-Cold (E1-C) alloy in the
peak aged condition (T6 temper) also reached a strength
above 800 MPA, although a relatively low value of
elongation (e = 4.9%) was observed. A PM processed E1
alloy had significantly lower strength, fracture toughness
and elongation to fracture than the spray deposited E1
alloy. A TEM examination revealed no significant
difference in the size and density of hardening precipitates
between these differently processed El alloys. The author
concluded that a reasonable explanation of the reduced
elongation and K¢ value in the PM product was the higher
gas content of this alloy (84).

Elongation to fracture and fracture toughness values for
the spray deposited high solute 7xxx aluminium product (
e = 9% and K;c = 20 MPa m”) were considerably higher
than those of the corresponding powder metallurgy
processed product (e = 2.8% and Kic= 7.3 MPa m”) (79).

The highest strength values were exhibited by the
Osprey spray cast 7150X alloy (oyrs=808.9MPa),
markedly higher than those of the Osprey processed 7150
(ours=667.8MPa). This is attributed to the increased Zn
content, which leads to an increase in the volume fraction
of n' and n precipitates (83).

In the Osprey processed 7xxx alloy, which has a
composition of Al-11%Zn-2%Mg-1%Cu-0.3%Zr, high
strength (oyrs = 719 MPa, oys = 705 MPa) was achieved
because of a high concentration of precipitates, combined
with satisfactory ductility (e = 16%). Its fracture toughness
value (K;c = 38.2 MPa m”) was remarkably high in the
longitudinal orientation (82).

The LDC processed 7150 aluminium alloy, with
increased levels of iron and silicon (0.5% Fe and 0.4% Si),
in the hot rolled and peak aged condition exhibited
excellent room temperature tensile properties: cyrs = 635
MPa, cys = 66 MPa and e =10.6%. Despite the relatively
high levels of Fe and Si this indicates that the refinement
of constituent particles brought about by spray deposition
enables alloys processed by this route to be more tolerant
of impurities than their equivalent IM products (55).
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