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Summary

The spray forming process is a rapid solidification process for production of metal preforms.
In spray forming a superheated molten metal stream is atomized into small droplets by
means of high-speed protective gas (e.g. N2, Ar or He) jets. The atomized semi-solid
particles are deposited on a substrate into “near-net-shape” deposit, depending on the
demands, e.g. billet, plate, ring, tube, strips. The refined grain structure of the as-sprayed
materials due to its high cooling rate (10% — 108 K/s) provides a better mechanical behaviour
than materials via conventional ingot casting or powder metallurgy techniques. Intermetallic
refinement and macro segregation free microstructure allow to produce numerous new or

adapted alloys with specific alloying elements.

Spray forming of tubes may provide even faster cooling of the deposited materials
compared to other forms like billets. This process can be used to produce coating on rods
or tubes, clad tubes at a high production rate compared to other production techniques. In
practice, spray-formed tubes or rings typically are produced by free-fall atomizers (FFA),
which typically have low yield. In addition, the larger particles (dso.3 = 100 — 200 um) of a
FFA spray may induce high porosity in early stage of deposition. A recent study [ELLE14]
showed that high yields and low porosities for small diameter tubes can be achieved with

close-coupled atomizers (CCA).

The aim of this PhD thesis is to understand the effect of the process conditions and to
develop a process route of spray-formed tubes by CCA. A central hypothesis is proposed
that less porosity and increased yield can be achieved by higher impact velocities of the
spray droplets in CCA spray. Based on the central hypothesis four working hypotheses are
derived: i) the deposit porosity can be reduced by smaller droplets by a CCA, ii) the droplet
velocity can be increased further by using hot gas atomization, iii) a decreased deformation
time during impact will result in high density materials and will extend the process window,
and iv) the developed knowledge is transferable to other alloy systems. Therefore, a CCA
needs to be adopted for spray forming of tubes with a provision of using hot gas in order to
achieve higher droplet velocities. In-situ temperature and particle velocity measurement
should be introduced during the atomization process to support the process understanding

and development.

As a result of the CCA adaptation, better porosity level have been achieved by smaller
particles of a CCA compared to a FFA for AISI 52100 tubular deposits. However, high

porosities are found at the deposit end positions due to lower melt mass flow rate and




shadowing effects by the rebound particles. The porosity increases in the vicinity of the
substrate with increasing gas-to-melt ratio (GMR), where mostly cold porosities are found.
In-situ deposit surface temperature measurements show that the maximum deposit surface
temperature mainly depends on the deposit thickness compared to the GMR. The grain size
in the as-sprayed materials also increases at higher maximum deposit surface
temperatures. Comparison between porosity and the maximum deposit surface
temperature reveal that the porosity increases with decreasing maximum deposit surface
temperatures below the solidus temperature of the alloy. An empirical prediction model is
derived to calculate the maximum deposit surface temperature that is validated with the
experimental data for AISI 52100 steel. Furthermore, for transferring the acquired
knowledge to other alloying systems a dimensionless parameter DTT (ratio of the maximum

deposit surface temperature and solidus temperature) is introduced.

Introduction of hot gas atomization show that smaller particles with high velocity and low
temperature can be produced at lower gas consumption by a CCA. With smaller particles
sizes and higher velocities, the particles deformation time is lowered. The spray-formed
tubes with hot gas atomization show less porosity even at lower deposit surface
temperatures with hot gas atomization. The grain sizes also decrease due to lower
maximum deposit surface temperatures. However, the microstructures of the as-sprayed
materials show hardly any difference. Substrate preheating by the hot process gas lowers
the porosity level in the vicinity of the substrate. Larger tube diameter result in additional
cooling of the deposit and resulting lower maximum deposit surface temperature and
smaller grain size. Comparison between the relative density at the deposit center and the
maximum deposit surface temperature depicts that higher density can be achieved by hot
gas atomization even well below the solidus temperature, which subsequently extended the
process window of the spray forming of tubes. For cold gas a relative density > 0.95 is
achieved at 1 < DTT < 1.13 and for hot gas atomization at 0.85 < DTT < 1.13.

Spray forming of Al-alloy tubes with CCA show similar materials quality like the steel tubes,
suggesting that the knowledge from the spray forming of steel tubes is transferable to other
alloy systems. Refined grain structures with nano-meter-sized intermetallic phases are
observed. High amount of porosity is found in the vicinity of the substrate (about 20% of the
deposit thickness). The DTT of the Al-alloys deposits are calculated with the proposed
empirical model. A minimum porosity is found for 1.02 < DTT < 1.05. However, the model

needs to be validated with experimental data for Al-alloys.




Zusammenfassung

Das Spruhkompaktieren ist ein Herstellungsverfahren fur metallische Halbzeuge, bei dem
ein Uberhitzter Schmelzestrom mittels hohem Inertgaseintrag (z.B N2, Ar oder He) durch
eine Duse in feine Tropfen zerstaubt wird. Je nach Anforderung an das zu fertigende
Halbzeug, werden die zerstdubten und halberstarrten Partikel in einer endkonturnahen
Form, beispielsweise als Bolzen, Scheibe, Ring, Rohr oder Blech, auf ein Tragersubstrat
abgeschieden. Durch die hohen Abkiihlraten dieses Prozesses (103 — 10° K/s), wird ein
feineres Korngeflige als bei konventionellen Blockguss- oder Pulvermetallurgieverfahren
erreicht. Die intermetallische Verfeinerung und das makroseigerungsfreie Geflige
verbessern das mechanische Verhalten des Materials und ermdglichen die Herstellung

zahlreicher neuer oder angepasster Legierungen mit spezifischen Legierungselementen.

Das Sprihkompaktieren von Rohren ermdoglicht eine noch schnellere Abkihlung des
aufgetragenen Materials im Vergleich zu anderen Formen wie Bolzen oder Blécken.
Dadurch kann eine hohere Produktionsrate bei der Herstellung von Beschichtungen auf
Stadben oder Rohren sowie von plattierten Rohren, gegenuber anderen
Produktionsverfahren, erreicht werden. In der Praxis werden sprihgeformte Rohre oder
Ringe in der Regel mit Freifallzerstaubern (FFA) hergestellt, die fir gewdhnlich eine geringe
Ausbeute haben. Dartiber hinaus kdnnen die gréReren Partikel (dso.3 = 100 - 200 ym) eines
FFA-Sprays in der frihen Phase des Materialauftrages zu einer hohen Porositat fihren.
Eine klrzlich durchgefiihrte Studie [ELLE14] hat gezeigt, dass mit Close-Coupled
Zerstaubern (CCA) eine hohe Ausbeute und geringe Porositat fir Rohre mit kleinem

Durchmesser erreicht werden kann.

Das Ziel dieser Dissertation ist, die Auswirkungen der Prozessbedingungen zu verstehen
um einen geeigneten Prozessweg flr die Herstellung von sprihkompaktierten Rohren
mittels CCA zu entwickeln. Dabei lautet die zentrale Hypothese, dass eine geringere
Porositat und eine hohere Ausbeute durch hoéhere Aufprallgeschwindigkeiten der
zerstaubten Tropfen auf dem Substrat bei der CCA-Zerstadubung erreicht werden kdnnen.
Ausgehend von der zentralen Hypothese werden vier Arbeitshypothesen abgeleitet: i) die
Porositat des kompaktierten Werkstoffs kann aufgrund der kleineren Tropfen durch den
CCA verringert werden, ii) die Tropfengeschwindigkeit kann mittels HeilRgaszerstaubung
weiter erhdht werden, iii) eine verringerte Verformungszeit wahrend des Aufpralls fihrt zu

Werkstoffen mit hoher Dichte und vergroRert das Prozessfenster, und iv) die erworbenen




Erkenntnisse sind auf andere Legierungssysteme Ubertragbar. Hierflir wird ein CCA fiir das
SpritzgieRen von Rohren unter Verwendung von Heifdigas entwickelt, um so die
Tropfengeschwindigkeiten zu erhéhen. Zum Verstandnis und zur Weiterentwicklung des
Prozesses sollen wahrend der Zerstdubung In-situ-Messungen der Temperatur und

Partikelgeschwindigkeit durchgefuhrt werden.

Durch die Anpassung des Zerstaubers konnte bei spriihkompaktierten AISI 52100-Rohren
eine geringere Porositat durch kleinere Partikel, aufgrund der Nutzung eines CCA im
Vergleich zum FFA, erreicht werden. Allerdings ist die Porositat an den Endpositionen des
kompaktierten Halbzeugs, aufgrund des geringeren Schmelzemassenstroms und der
Abschattung durch die Rlckprallpartikel, héher. Mit zunehmendem Verhaltnis von Gas- zu
Schmelzemassenstrom (GMR) steigt die Porositat in Substratnahe, wo hauptsachlich kalte
Porositaten auftreten. In-situ-Messungen der Oberflachentemperatur des Werkstlicks
zeigen, dass die maximale Temperatur hauptsachlich von der Dicke des aufgetragenen
Materials abhangt, verglichen mit dem GMR. Bei einer hohen maximalen
Oberflachentemperaturen des  Materialauftrages nimmt die KorngroRe des
sprihkompaktierten Stahls zu. Bei niedrigen maximalen Oberflachentemperaturen des
Materialauftrages unterhalb der Solidustemperatur, steigt die Porositat. Es wurde ein
empirisches Modell zur Berechnung der maximalen Oberflachentemperaturen des
Materialauftrages abgeleitet, welches mit den experimentellen Daten fir AlISI 52100 Stahl
validiert wurde. Zur Ubertragung der gewonnenen Erkenntnisse auf andere
Legierungssysteme, wurde ein dimensionsloser Parameter DTT (Verhaltnis zwischen der
maximalen Oberflachentemperaturen des Materialauftrages und der Solidustemperatur)

eingefuhrt.

Die Nutzung von Heil3gas bei der CCA-Zerstaubung flhrt zu kleineren Partikeln mit hdheren
Geschwindigkeiten und niedrigeren Temperaturen, sowie zu einer Reduktion des
Gasverbrauchs. Kleine Partikelgrofien und hohe Geschwindigkeiten verringern die
Deformationszeit der Partikel. Die mit heiRem Zerstdubergas sprihkompaktierten Rohre
weisen, selbst bei niedrigen maximalen Oberflachentemperaturen des Materialauftrages,
nur eine geringe Porositat auf. Aufgrund geringerer maximaler Oberflachentemperaturen
nimmt auch die KorngroRe ab. Allerdings zeigt die Mikrostruktur des kompaktierten
Materials kaum einen Unterschied. In Kombination mit dem heilRen Zerstaubergas,
reduziert das Vorheizen des Substrats die Porositat des aufgetragenen Materials in

Substratndhe. GroRere Rohrdurchmesser flihren zu einer zusatzlichen Abkuhlung des

VI




aufgetragenen Materials und damit zu einer niedrigeren maximalen Oberflachentemperatur
und einer kleineren Korngrofe. Durch die Zerstaubung mittels Heillgas kann auch weit
unter der Solidustemperatur eine hohere Dichte des Werkstlicks erreicht werden, wodurch
sich das Prozessfenster fur zum Sprihkompaktieren von Rohren vergroflert. Bei der
Zerstaubung mittels Kaltgas wurde eine relative Dichte > 0,95 bei 1 < DTT < 1,13
nachgewiesen und fir die HeiRgas-Zerstaubung bei 0,85 < DTT < 1,13.

Die mit der zuvor genutzten Stahllegierung vergleichbare Werkstoffqualitait von
sprihkompaktierten Aluminiumrohren deutet auf eine Ubertragbarkeit auf andere
Legierungssysteme hin. Es wurden feine Kornstrukturen mit intermetallischen Phasen in
Nanometergrofde beobachtet. Weiterhin wurde eine hohe Porositdt in der Nahe des
Substrats festgestellt (etwa 20 % der Schichtdicke). Die DTT der Al-Legierungen wurden
mit dem entwickelten empirischen Modell berechnet und es wurde eine minimale Porositat
far 1,02 < DTT < 1,05 ermittelt. Das Modell muss jedoch noch mit experimentellen Daten

far Al-Legierungen validiert werden.
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1 Introduction and Motivation

All material Things seem to have been composed

of the hard and solid Particles”

— Sir Isaac Newton'

The modern civilization has been created by an intelligent technical use of materials from
the nature. The human prehistory is divided based on the use of materials by each of the
generations (Stone Age, Bronze Age, Iron Age) [McCLO06]. The use of metallic materials
started at about 3300 BC from the Bronze Age of the human prehistory. The Iron Age is
based on use of iron as a fundamental element of the development. The industrial revolution
inthe early eighteenth century promoted the modern age where metallic materials are being

used in multiple technical applications, from tiny mobile devices to larger space-crafts.

In the classical metallurgy, metallic materials are extracted from ores or recycled and
processed through conventional casting techniques. In a conventional casting process the
molten metals or alloys typically solidify slowly. With the state-of-the-art of modern materials
engineering, a spectrum of new alloys has been developed with advanced qualities.
Economic reasons also drove the need of new materials for the rapidly growing industries.
In addition, the use of potentially health hazardous alloying elements like lead, cadmium or
arsenic is increasingly restricted by law, so that other alloy systems are required to meet
the desired properties. However, the conventional casting method can not handle the
production of numerous newly developed alloys due to its slow solidification kinetics. Macro-
segregation in the bulk materials is one of the main drawbacks of conventional casting. In
the mid of last century new techniques have been developed in the metal working industry

to overcome these challenges, for instance the “rapid solidification” processes [KLEM®60].

Solidification means formation of a solid with or without chemical reactions from a gaseous
(vapor) or liquid (melt) parent material. The solidification can be either slow or rapid. “Rapid
solidification” is normally relevant for fast melt solidification (e.g., metals) [ASHB83]. The
term “rapid” can be attributed to as a short-time interval between initiation and completion

of solidification and a high velocity of propagation of the advancing solidification front

' From Optics (1704, 2nd ed., 1718), 377-378.
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[JOHN10]. Such rapid solidification is induced by forcing a high cooling rate (e.g. > 10* K/s)
during solidification [LAVE10]. The commonly practiced rapid solidification techniques for
metal melts are melt-atomization, spray forming or spray-deposition, splat-quenching, melt-
spinning etc. [SCHM79, ASHB83, LAVE10, JOHN10]. The melt-atomization process is a
long-established technology, where a drop or melt-stream tends to break up into droplets
by impinging of high velocity jets of a second fluid (e.g., a stream of inert gas or water jet)
[SING70, SCHM79]. The spray forming process has been introduced nearly half a century
ago in metal forming [SING70], where the melt-atomization technique has been used to
form “near-net-shape” deposits with advanced material properties [SING83, GRAN95,
LI199].

“Near-net-shape” processing is an established process route of the Materials Science and
Engineering community, which may reduce the production steps and subsequent waste of
materials and energy. The routes of near-net-shape processing are considered to be green
or sustainable process [HENE17]. Usually specific gas atomizers are used for the spray
forming process [GRANB95; LI99] that provide the flexibility to move the spray by scanning
the nozzle. This option allows the process to achieve different deposit shapes (e.g. billet,
plate, ring, tube, strips). The refined grain structure of the as-sprayed materials provides a
better mechanical behavior than materials via conventional ingot casting or powder
metallurgy techniques [LIU17; SPRI17]. Intermetallic refinement and macro segregation
free microstructure allow to produce numerous new or adapted alloys with specific alloying
elements [ELLE10b].

Spray forming of tubular deposits provides faster cooling of the as-sprayed materials
compared to other forms i.e. billets. The process may open a new approach for flexible
production of clad tubes in high temperature applications like heat exchangers [LAWL9S;
LEE18], wear and corrosion resistant bi-metallic pipes in drilling [ZEPO16], or would provide
a faster coating technology. However, spray-formed tubular deposits have been hardly used
on an industrial scale up to now due to insufficient deposit quality in terms of porosity and
bonding to the substrate. Usually, spray-forming of tubes or rings is achieved by free-fall
atomizers (FFA). The FFA sprayed deposits exhibit high porosity in the vicinity of the
substrate and at the outer surface area [BUCHO03; CUI04; CUIO5]. The large droplets size
from a free-fall atomizer (typically 100 — 200 ym) [FRITO0S] may be the reason for the higher
deposit porosities. In contrast, high yields and low porosities for small diameter tubes have
been achieved with close-coupled atomizers (CCA) [ELLE14]. Small amounts of sample for

research and development applications can be produced (Figure 1-1). CCAs are very robust
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and often used under industrial conditions, which makes this process interesting for future

developments.

Figure 1-1: Samples from spray-formed steel tube produced by a close-coupled atomizer.

The reason for the higher yield in spray forming with close-coupled atomizers is unclear yet.
Itis suspected that increased impact particle velocities increase the yield. The finer droplets
from a close-coupled atomizer would be suitable for producing high density material. The
faster droplet cooling rate achieved by CCA [CIFT19] may affect the deformation
mechanism of the impinging droplets in the deposition area, which may provide different
material properties, i.e. better splats with lower porosity [CHANOQ9]. In addition, the spray of
a close-coupled atomizer is much tighter compared to a free-fall atomizer [ANDE17],
making it more suitable for surface coating and cladding with less overspray. With regard
to the smaller particles in a CCA spray, it should be mentioned that the introduction of hot
atomization gas further reduces the particle size [ANDEO2, ANDE17] at lower energy
consumption [DOPL21]. The hot gas atomization has been recently introduced for particle

production and needs yet to be used in the spray forming process.

Detailed investigations are needed in spray forming with CCA in order to provide more
insight knowledge and better understanding of the process. The aim of this thesis is to
introduce close-coupled atomizers utilizing hot gas for the spray forming process in order
to produce dense tubes and extend the process window in the spray forming process.
Transferability of the achieved knowledge for spray forming alloys based on steel and Al-

alloys will be investigated.
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2 State of the Art

2.1  Spray forming process

Spray forming is also known as “spray casting” or “spray deposition”, which was first
proposed by Singer (Swansea University, Wales, UK) in the early 1970s. Initially the
technology had been given the name Osprey Process [SING70]. The process can take into
account the solidification conditions of the material between conventional casting and
powder metallurgy [GRAN95, LI99, SING83, ELLE10b, LACH11]. In the spray forming
process a molten metal or alloy stream is atomized by means of high speed gas jets and
the sprayed droplets are collected on a substrate [LI99, LAVE10, LAVE96]. Usually the
melting process is carried out in a protective environment, typically achieved by
continuously supplying the melting chamber with N2, Ar or He [CAI97, MI08a, HENE17].
During atomization, in the generated spray a broad spectrum of the generated droplets (size
distribution app. 5 — 500 ym) reach the substrate with a velocity in a range of app. 70-140
m/s [TILL99, KHAT17]. The droplets characteristics typically depend on the material, the
gas-to-melt-mass flow ratio (GMR), and the velocity of the inert gas in the atomization area.
Depending on the droplet size, its thermo-physical properties and trajectory, the droplets
in the spray are in three states during deposition; solidified, partially solidified or liquid state
[LAVE9S6, CANT97]. Spray forming is a rapid solidification process, where the cooling
process can be divided into three phases, flight phase in the spray, impact and deformation
phase at impingement and deposit cooling. During the flight and impact phase the cooling
rate of the droplet is in the range 10° — 10° K/s [MEYE12], which influences the
microstructure formation in the solidification process. In contrast, the cooling rate after
deposition has minor effect on the microstructure, which is in a range of 10° — 10" K/s
[GRANO95, HUSS20a]. A faster cooling leads to products with advanced materials properties
[SCHUO8, UHLEO7]. From a microstructural point of view spray-formed materials show
[LIAN93, HENE17, GRANO7]:

I.  refined equiaxed grains (10 — 100 ym)
II.  intermetallic refinements for high alloyed materials

lll.  macro segregation free microstructure
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The refined grain structure provides a better mechanical behavior than materials that have
been produced via conventional ingot casting or powder metallurgy techniques [SIQU10,
KIMO05, LU16, SPRI17, HANLO3]. Recently Lu et al. reported that spray-formed tool steels
show better performance (tool life) than the steel manufactured via conventional ingot
casting or powder metallurgy techniques [LU16]. Intermetallic refinement and macro
segregation free microstructure open the processability of a new spectrum of alloys with
advanced alloying elements [PAYN93, GRANO7]. Recently, a high modulus steel (FeTiB2)
was produced by spray forming, which shows microstructural features on a nanometric
scale and better mechanical behavior than conventionally casted materials (see Figure 2-1)
[SPRI17].
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Figure 2-1: Comparison of conventional cast and spray-formed (rapidly solidified) FeTiB2 (HMS = High

Modulus Steel) a) microstructure as-casted, b) microstructure as-sprayed, and c) stress-

strain curves. The figure is adopted from [SPRI17].

The cast material showed TiB, precipitates (dark gray) with dimensions up to approx. 10
pm. The spray-formed variant had a much finer microstructure with precipitates in the

nanometer range. The finely distributed precipitates lead to a substantial improvement in
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the mechanical properties. The tensile strength increased by approx. 60%, whereby the
elongation at break decreases only insignificantly (Figure 2-1b). In addition, the modulus of
elasticity reduced slightly. Spray forming provides better qualities also for other alloys, e.g.
Al-alloys [ELLEO7a, RAJUO8, STEL06, CUI14], Cu-alloys [ELLE14, MULLO1, MULLO3,
LIAN93].

Along with the better materials quality, spray forming also offer semi-finished or “near-net-
shaped” products [LI99, GRANO07, GRAN95, HENE17]. Based on the spray and substrate
movement a deposit in several shapes can be produced as for instance billets [MULLO1,
MULLO3, ELLEO4, CUI09, STEL06, YU13, SIQU10, CUI14], plates or strips [BRINO1,
SAHUQ9, ACHEQ9], and tubes or rings [WARN97, CUI04, WALTO05, ELLE14, SPRI17,
BUCHO03, ZEPO16].

211 Spray forming of tubular deposits

The spray forming process can be used to produce tubes or ring-shaped deposits [SING83].
Payne et al. first carried out some detailed investigations of spray-formed tubular deposits
[PAYN93]. Spray-formed tubes may open a new production technique of clad tubes for heat
exchangers [LAWL98]. This technique can also be used to generate thick layers of coatings
on rods or tubes [CUIO4, CUIO5b]. By increasing the interfacial bonding between the
substrate and the deposited material spray forming can also be used in surface coating
[WAHL93, LEE18]. Recent investigations by Berger et al. have shown how thermal spraying
is used for various protective coatings in layers smaller than 1 mm [BERG15]. The thermal
spraying process uses a concentrated heat source to melt feedstock materials (powder,
wire, rod) and the resulting molten droplets are ejected with high kinetic energies to the
substrate surface [VUOR14]. Similar to the thermal spraying route, the spray forming
process also allows the deposition of molten droplets onto a substrate. The ability to coat a
substrate surface utilizing the melted feedstock materials directly on the coating surface is
a major advantage of the spray forming process. The production rates achieved by spray
forming are an order of magnitude faster compared to those using thermal spray techniques
[MI108a, MI08b]. Figure 2-2 shows an experimental setup for spray forming of tubular

deposits.
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Figure 2-2: Schematic diagram of the spray forming set up (PA7 at University of Bremen) with a close-

coupled atomizer for steel. The figure is adopted from [HUSS20a].

In spray forming, the feedstock material is melted and superheated (heated 50 — 250 °C
above melting temperature) in a protective environment [SING83, CUI06], then fed into the
pouring nozzle and atomized with high pressure jets of process gas by either free-fall
atomizer (FFA) or close-coupled atomizer (CCA) (a brief description of the atomizers
configuration is presented in the next section). The atomized droplets are collected on a
rotating tubular substrate of similar material or dissimilar material, which is usually
sandblasted to adhere the initial layers of the droplets [MI08c, CUI04, LEE18]. The
thickness of the deposition layer can be controlled by varying the substrate transitional

speed vs or melt mass flow rate M,. Co-spray or twin-nozzle systems are also used for spray

forming of thick [ALAN99] and bi-layer tubular deposits [ZEPO16].
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In the spray forming process of tubular deposits, several process parameters play a vital
role on the quality of the as-sprayed deposits. These process parameters are listed from
previous literatures [MATH88, MATH91, GRAN95, HENE17, HENE17, ELLE10b, MEYE13,
HUSS20a] and combined with the present study in Table 2-1.

Table 2-1 Process parameters in spray forming process of tubular deposits.
Parameters Symbol | Unit Remarks
Pouring temperature of melt - °C Above 50 — 250 °C of melting temperature
Temperature of process gas in the atomizer
Gas temperature Ts °C
nozzle
Feed stock mass - g -
Pouring nozzle diameter @, mm Melt flow rate depends of that

Gas mass flow rate varies with different

Atomization gas - -
gases (N,, Ar, He)

Atomization gas pressure Pg MPa Define the gas mass flow rate

Influence the solid fraction and deposit

Spray distance z mm surface temperature in the impingement
zone
Substrate diameter a, mm Influence deposit cooling
Substrate wall thickness S mm Influence deposit cooling
Transitional velocity of o )
Vg mm/s Influence deposit thickness and cooling
substrate
Rotational speed of substrate v, rps Influences deposit surface temperature
Gas flow rate MG kg/h -
Mean melt flow rate .
' M, kg/h -
(feedstock mass/run time)
Gas-to-melt mass flow ratio GMR - Vital parameter of deposit cooling
Deposit thickness y mm Influence the deposit surface temperature
) Deposit temperature after droplet
Deposit surface temperature Ty °C o
impingement
Substrate temperature Ts °C Indicate the deposit cooling rate




State of the Art

2.2 Atomization techniques

Gas atomizers as for instance free-fall atomizers (FFA) are usually used for spray forming
of tubes [MI08a, CUIO4]. Close-coupled atomizers some times also are used for spray
forming but are not common in practice [GRAN95]. As pointed out by Ellendt et al. the
impulse atomization technique can also be used for spray forming of tubes and rings
[ELLEO4]. In this thesis the free-fall atomizer and the close-coupled atomizer have been
considered for further investigations. In a gas atomization process the liquid melt stream is
disintegrated energetically into micro-meter sized droplets by a second stream of fluid (high
pressure process gas) [ZHEN11, ANDE17]. The superheated molten metal stream is forced
through an orifice and is subsequently disintegrated into droplets by impingement of gas
jets [ANTI13, CZIS08b, CZIS08]. Afterwards the droplets are accelerated and cooled down
by the flow of process gas during the flight in the spray chamber. The mechanisms of melt
disintegration, the design of the atomization devices, the thermal transport in atomized
droplets, the characteristics of droplet/particle size, the size distribution will be discussed
briefly next, as they define the material quality in the deposition zone. In the rest of this
dissertation, the term droplet(s) or particle(s) will be used interchangeably to mean droplets

that are liquid, semi-solid or fully solid. If a distinction is required this will be made clear.

2.21 Particle size distribution

The particles/droplets size distribution is an important parameter in the spray forming
process, which defines the properties in the as-sprayed deposit such as liquid fraction,
deformation behavior, microstructure etc. The principles of droplet formation and the most
important empirical contributions to estimate the particle size as well as particle size

distribution are presented in this section.

Liquid stream disintegration and droplet formation behavior have been studied
experimentally as starting from [BIDO29, SAVA33] and theoretically as initially done in
[RAYLT78]. A theoretical description of a liquid stream disintegration process was presented
by Weber in 1931 [WEBE31]. Weber stated that the disintegration process depends on the
liguid stream velocity along with liquid properties such as surface tension, density, and

viscosity. Because of this achievement the relationship between inertial force and surface
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tension was named after him. The dimensionless liquid Weber number (We;) is described
as:

pL - uf - Dy

We = ———
! . Eq. 2-1

where, p; is the liquid density, u,; is the liquid stream velocity, D, is the liquid stream
diameter, and ¢ is the liquid surface tension. In a gaseous medium the gas or aerodynamic
Weber number (Wey) is the decisive parameter, which is described as:

2.
Pg " Urer * dp

Weg= ——~—"— Eq. 22

here, p, is the gas density, u,; is the relative velocity between the droplet and surrounding
fluid, d, is the droplet/particle diameter, and o is the surface tension of the liquid melt.
During gas atomization process, it is often assumed that We;, > 10 results in the
disintegration of melt droplets [UHLE91]. Based on the Weber number numerous empirical
correlations have been developed to estimate the droplet size during gas atomization. The
empirical correlation by Lubanska [LUBA70] is the most commonly used correlation in gas

atomization to predict the mass median particle diameter dsg :

. 0.5
d50‘3— K ﬂi 1+ﬂ
D, vy We Mg Eq.2-3
2
Pt * Ugp Dy
We=——"— Eq. 2-4
Mg
GMR = M_L Eq. 2-5

Eq. 2-3 consists of the ratio of liquid viscosity v; to the gas viscosity v, the Weber number
We as a function of liquid density p;, liquid stream diameter D;, gas velocity at impact with
the liquid stream ug,, liquid surface tension o, as well as the mass flow ratio (the ratio of the
gas mass flow rate M and the melt mass flow rate My, which is often abbreviated as GMR).
K is an atomizer geometric constant, which typically ranges from 40 to 50 [LUBA70]. At a
given atomizer dependent geometry and a fixed alloy the particle size distribution depends
on the GMR, as a higher GMR leads to finer particles. The Lubanska correlation is often
used in gas atomization studies. However, Uhlenwinkel reported that deviations between

measurements and the Lubanska correlation up to 50 % are commonly found [UHLE91].

10
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According to the Lubanska correlation (Eq. 2-3) the particle size also depends on the liquid
stream diameter D;, and the gas velocity at impact with the liquid stream ugy,;. These two
parameters determine the droplet break-up and influence the initial droplet cooling,
dependent on the atomizer configuration. For the gas velocity in the atomization process,

the atomizer (gas nozzle) design is of particular importance.

The particle size distribution in sprays may be estimated by a Rosin-Rammler-Sperling-
Bennett (RRSB) function [ROSI33]. From a given particle size distribution the particle size
distribution can be extrapolated for other atomization conditions with the following
correlation [ELKOB82]:

0.29

M
SMD = 51 @, Re %3 We~018 (—L>

Mg Eq. 2-6

where, @, is the pouring nozzle diameter, Re is the Reynolds number, We is the Weber
number, and M, and M; are the melt mass flow rate and the gas mass flow rate,

respectively.

2.2.2 Atomizer design

Two subdivisions can be introduced in atomizer design based on the opening of the gas
nozzles [CZIS08b, ANDE17, LOHNO3].

a. Annular or slit jet: the gas exit is a continuous circular slit.

b. Multi or discrete jet: a ring of circular gas exits are used.

Figure 2-3 illustrates two types of nozzle design in a gas atomizer. In this study a multi jet
free-fall atomizer and an annular close-coupled atomizer configuration are used for spray
forming of tubes. Figure 2-4 illustrates a schematic of the gas atomization system including
two different gas atomizers [CIFT20]. In the following sections the two types of atomizers

will be described briefly.

2.2.3 Free-fall atomizer

The design of a conventional free-fall atomizer (FFA) is simple, robust and very reliable
[FRIT12]. In free-fall atomizers the melt stream falls through the pouring nozzle via gravity
in the disintegration or atomization zone [ANDE17]. Liquid and gas are brought into contact
outside (about 10 — 20 cm [NEIK18]) the nozzle [YULE94]. The discrete gas jet meets the
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melt stream by an angle of attack as shown in Figure 2-4a. This angle and the impact
distance can be adjusted to vary the process parameters. In a typical nozzle design about
5 cm distance is maintained between the melt stream and the gas nozzle to avoid melt
splashing or melt film back flow (“lick-back”) due to gas recirculation flow [FRIT12,
ANDE17]. The main disadvantage of the free-fall atomizer is a higher gas-to-melt ratio
(GMR, Eq. 2-5) that is needed. The larger distance of the atomization zone from the gas
nozzle prevents the melt freezing but the gas jet loses some of its velocity before reaching
the atomization zone which yields in larger particles [CZIS08b, CZIS08c]. The reduced gas
velocity also affects the convective droplet cooling and results in a higher liquid fraction in
the deposition zone during spray forming process [LOHNO3]. The typical droplet size is 100
to 200 ym by a free-fall atomizer [FRITO05]. The yield (ratio of feedstock and final deposit
mass) usually is in the range of 60 to 90% for a FFA spray forming process [ZEPO16].

a) Pouring nozzle

Melt stream
Annular atomizer Multi jet atomizer

Figure 2-3: Schematic a) annular atomizer b) multi jet atomizer with melt and gas exits.

a) f Free-fall atomizatinn\ b) @se-coupled :{tcimizaﬁa
Melt elt

A :A o Gas|
\_ 2. P

Figure 2-4: Schematic diagram of a) free-fall atomization, b) close-coupled atomization. The figures
are adopted from [CIFT20].
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224 Close-coupled atomizer

The close-coupled atomizer (CCA), also known as confined atomizer, is mainly used for
producing finer particles in metal powder production [ZHEN11, LI17, MULLO8]. The mass
median particle diameter of metal powders by close-coupled atomizers is ranging from 20
to 80 um [CIFT18]. In close-coupled atomization systems, a higher gas pressure results in
smaller particles, but at the same time leads to a higher gas consumption. Unlike free-fall
atomizer the gas jet impact the liquid melt directly at the opening of the pouring nozzle (see
Figure 2-4b) [MULL11, ANDEOZ2]. Due to this close proximity the gas kinetic energy is
consequently higher in comparison with the free-fall atomizer and produces a higher yield
of fine powders [ANDE17, ZHAO12, GRANO7]. Figure 2-5 shows a typical particle size
distribution by a free-fall atomizer and a close-coupled atomizer (two atomization runs
performed in the powder production setup at University of Bremen). The spray of the close-
coupled atomizer is narrower than that of the free-fall atomizer operated at almost indentical
conditions and gas pressure [ANTI13, ZHAOQ9], which leads to lower overspray material
during spray forming of tubes [ELLE 14]. A comparison between free-fall atomizer and close-

couple atomizer is outlined in Table 2-2.
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Figure 2-5: Typical particle size distributions with free-fall atomizer (FFA) and close-coupled atomizer

(CCA) for CuSn6 for identical gas pressure (pc = 1.6 MPa).
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Table 2-2 Comparison between free-fall and close-coupled atomizers.
Free-fall atomizer Close-coupled atomizer
Melt atomized at a distance from the Melt atomized at pouring nozzle tip

pouring nozzle

Higher melt to gas ratio Lower melt to gas ratio
Gas-to-melt mass flow ratio Vital parameter of deposit cooling
No melt freeze-off Prone to melt freeze-off

Larger droplet size (dso.3: 100 — 200 um) Smaller droplet size (dso.3: 40 — 80 ym)
Wide spray cone Narrow spray cone

Higher overspray material Lower overspray material

Main disadvantage of a close-coupled atomizer is the possibility of freezing of the melt
(freeze-off) in the pouring nozzle. The melt pouring nozzle get chilled by the flow of cool
process gas before starting the atomization process [GRANO7, CIFT20]. Previously, the
close-coupled atomizer was used in conjunction with low melting point materials where the
temperature difference between melt and process gas is relatively small to avoid this
problem. A higher superheat temperature is being used to overcome the freeze-off problem
(200 — 300 °C) [ANDE17, NEIK18]. However, higher superheat temperatures may lead to
vaporization of sensitive alloying elements with low evaporation temperatures and may
cause chemical reactions between crucible and feedstock materials. Another drawback is
the unavailability of high temperature resistant crucible materials. Previous studies reported
that the melt stream of a close-coupled atomizer is distributed as a film, covering the pouring
nozzle tip [MULL11]. However, the convergent-divergent close-coupled atomizer (CD-CCA-
0.8, this atomizer is used for the spray forming runs) developed by Schwenck et al. shows

a falling melt stream without forming a film under the pouring nozzle [SCHW17, CIFT20].

Figure 2-6a shows the melt flow at the nozzle tip of the convergent-divergent close-coupled
atomizer (CD-CCA-0.8). The construction details of the atomizer can be found in [SCHW17,
BECK20]. Ciftci et al. mentioned that a successful atomization with respect to process
stability and droplets size control can be performed without the presence of a melt film

underneath the melt film tip with this atomizer [CIFT20].

14
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In close-coupled atomizers the melt flow rate relies on the static pressure upon the meltin
the crucible, pouring nozzle diameter and aspiration pressure (in the close-coupled
atomizer the local gas recirculation promotes a negative aspiration pressure, which results
in suction and stable melt delivery [CIFT20]) at the pouring nozzle tip [SCHW17, JEYAQQ].
The aspiration pressure depends on the atomization gas pressure. Schwenck et al. reported
that the aspiration pressure increases with increasing atomization gas pressure (see Figure
2-7). It is recommended that the aspiration pressure should always be below zero (i.e. 0

kPa) to avoid gas pushing upwards in the pouring nozzle [SCHW17], which may cause

freeze-off.
a) b)
e CuSni15,5 ¢ CuSn15,5
o Tgas:23°C o Tgas: 240 °C - 380
¢ dmet: 1.5mm ¢ dmet: 1.5 mm
*  Mner: ~100 kg/h *  Mmei: ~100 kg/h
e Mgas: ~ 310 — 380 kg/h e Mgas: ~ 200 — 250 kg/h

Figure 2-6: Process video images showing the melt building up at the nozzle due to flow separation
for the given nozzle geometries as well as for a) cold and b) hot gas conditions. The figure
is adopted from [SCHW17].
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Figure 2-7: Aspiration pressure at the melt pouring nozzle exit (without melt in cold condition) for CCA

(CD-CCA-0.8) nozzles at cold gas and hot gas conditions. The figure is adopted from
[SCHW17].
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225 Hot gas atomization (CCA)

Hot gas atomization is relatively new in metal powder production [ANDEO2, ANDEOQ3,
ANDE17]. This technique is used for production of finer particles with decreased gas
consumption [CIFT18, HUSS20b]. Ciftci et al. reported that the cooling rate of the droplets
strongly depends on the droplet diameter and the gas-to-melt mass flow ratio (GMR); the
GMR is also dependent on the initial gas temperature (Tg) [CIFT19, CIFT20]. The lower
density of the hot gas reduces the gas volume at same pressure compared to cold gas,
which also affects the aspiration pressure of the close-coupled atomizer as reported by
Schwenck et al. (see Figure 2-7) [SCHW17].

Ciftci et al. compared the measured gas mass flow rates with theoretically calculated gas
mass flow rates in the CD-CCA-0.8 [CIFT20]. Theoretically the gas mass flow rate M

G,theo iS
calculated with some assumptions for simplification (i.e. the atomization system is assumed
to be a vessel at constant pressure, the orifice cross-section is treated as an annular gas
nozzle [CIFT18, CIFT20]). By the following equation the gas mass flow rate can be

calculated (considering isentropic condition) [CIFT20]:

Mg theo = An* Wmax ° J2:pgDp forpi > perie Eq. 2-7

where, 4n represents the cross section of the gas exit and the parameters ¥max, Pgand P
describe the outflow function, gas density, and atomization pressure. The parameter Ymax
corresponds to Pcrit, which is a function of the isentropic exponent k ( ¥max = 0.514 for

argon and ¥Ymax = 0.444 for nitrogen) [CIFT20]. At elevated gas temperatures the gas

mass flow rate Mg, can be calculated with the following equation [CIFT18]:

Mg = Mg */T60/Ts Eq. 2-8

where, Mg, is the gas mass flow rate at room temperature, Tg, is the gas temperature in
cold condition (RT), M;; is the gas mass flow rate at elevated atomization gas temperature

T . Ciftci et al. also proposed a discharge coefficient Ca., Which is the ratio of the

experimentally determined gas flow rate Mg ., and theoretically calculated gas mass flow

rate Mg theo [CIFT20]:

Mg exp = Ca Mg theo Eq. 29

16
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here, the averaged Ca value at cold gas conditionis Carr =0.88 and at hot gas atomization

is Canc = 0.84. Figure 2-8 shows the relationship between gas mass flow rate and

atomization pressure for the close-coupled atomizer (CD-CCA-0.8). With increasing
atomization gas pressure the gas mass flow rate also increases. Hot gas atomization
resulted in lower gas consumption than in atomization at ambient temperature (cold
condition), caused by the lower gas density (the gas density depends on temperature). For
instance, gas consumption decreased by one third for a typical atomization pressure of 1.6
MPa with hot gas atomization, demonstrating that hot gas atomization is a valuable tool to
reduce gas consumption. However, atomization at elevated gas temperatures require a
higher energy consumption for gas heating that need to be considered for commercial
viability [CIFT20].
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Figure 2-8: Gas mass flow rate for a CCA as a function of atomization gas pressure and temperature.

HG (Te ~ 300 °C) and RT (Ts ~ 20 °C) stand for hot gas atomization and atomization at
ambient temperature. Measured (meas.) and calculated (calc.) gas mass flow rates at
ambient temperature are compared with gas mass flow rates at elevated gas

temperatures. Argon was used as process gas. The figure is adopted from [CIFT20].

As shown by Ciftci et al. elevated gas temperatures result in significantly smaller mass
median particle diameters, demonstrating that hot gas atomization is a promising tool for
the production of smaller particles required for various powder consolidation techniques
[CIFT18, SCHW17]. Figure 2-9 shows at a constant gas mass flow rate, that for increasing
the melt mass flow rate anincreased GMR and a decreased mass median particle diameter
result. By keeping the melt mass flow rate and GMR constant, hot gas atomization provides

smaller mass median particle diameter.
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Figure 2-9:

Thus, in metal melts atomization, the gas atomization technique is well practiced for powder
production. The free-fall atomizer (FFA) construction and maintenance are simple and
robust. Close-coupled atomizers (CCA) provide finer particles compared to free-fall
atomizer. In contrast, close-coupled atomizers show melt freeze-off and higher gas

consumption. However, by using hot gas atomization these drawbacks can be overcome.

The mass median particle diameter dso,3 of {(Fe0.6C00.4)0.75B0.2Si0.05}osNba powders as a
function of a) melt mass flow rate, b) gas-to-melt mass flow ratio (GMR). The averaged hot
gas temperatures and gas mass flow rates are listed. The lines serve only as visual

guides. An increased GMR and gas temperature result in smaller dso;3 values [CIFT20].
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2.3 Porosity in spray forming process

Along with promising advantages of the spray forming process e.g. remarkable
microstructure and grain refinement, the porosity in the as-sprayed materials is a main
drawback of the technology [GRAN95, CAI97, UHLE14]. Regardless the materials (alloys)
or deposit geometry, porosity was reported in most of the spray forming processes
investigated to date [LAVE10, HENE17]. Porosity reduces the materials quality for the
subsequent processes. However, secondary forming processes are suitable to reduce the
porosity in the as-sprayed materials, i.e. forging, hot isostatic pressing, hot rolling, extrusion
etc. [MEYE13, WALTO05, SPRI17].

231 Types of porosity

In spray forming process the porosity is mainly divided into two types based ontheir forming
mechanism: cold porosity and hot porosity [LAVE88, CAI97, HU0O]. The forming

mechanisms of cold and hot porosity are presented below.

o Cold porosity: Cold porosity in spray forming is mainly observed in the vicinity of
the substrate, which is also mentioned as interstitial porosity [HUOO]. The particles
start to solidify completely in the deposition zone during very cold spray condition
[CUIO5c]. The second layer of particles impinge onto this already solidified layer and
form a deposit layer with high porosity without filling the cavities. With further layers
of particles, the deposition zone gathers higher enthalpy to increase the liquid
content and decrease the viscosity of the mushy zone. This mushy zone further

reduces the porosity in the deposit [CAI9T7].

o Hot porosity: As the temperature of the as-sprayed deposit surface increases in
the mushy zone, the liquid fraction continues to increase as well as the viscosity of
the droplets. In that hot mushy zone gas bubbles may be entrapped and remain in
the deposition layer, which form circular pores in the deposit. As long as there is
enough liquid in the mushy zone, these pores may be combined in to larger pores

[CUIO9]. Hot pores are also called gaseous pores [HUOO].

Figure 2-10 shows examples of cold and hot porosity from a spray formed Mg.Si-containing
Al alloy [ELLEQ7a]. The comparison shows that hot pores are significantly larger than cold

pores. However, smaller gas pores are also observed depending on the condition.
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Figure 2-10: Cold and hot porosity in spray-formed deposits. The figure is adopted from [UHLE14].
2.3.2 Influences on porosity in spray forming

Several parameters are decisive for porosity formation in the spray forming process. In the
literature influencing factors are categorized as metallurgical, geometric and thermal

behavior in porosity formation of as-sprayed deposits.

2.3.21 Metallurgical influences

Meyer et al. reported that different porosity levels are detected for different alloys [MEYE 14].
Similar to conventional casting the pores can also form in the deposit center due to
shrinkage during solidification, in case of higher liquid fraction in the deposit center
[UHLEOQ7a]. The shrinkage level depends on the alloy and its alloying elements. In addition,
temperature dependent gas solubility may lead to gaseous diffusion, e.g. nitrogen
entrapment during melting process [ELLE10b, SCHUO4]. For example, nitrogen may
dissolve during spray forming of steel with N> gas atomization. Alloying elements also
influence the porosity of the as-sprayed deposit, such as addition of Ti, Zr, Al [MULLO4].

Titanium can chemically bind the nitrogen contained in pores and hence reduce porosity.
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The authors investigated the effect of small addition of Ti (0.25 wt%) in Cu-based alloys. Ti
reacted with nitrogen and formed TiN precipitates, which reduced the overall nitrogen pores

(Figure 2-11) without affecting the materials properties [MCHUO08a].
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Figure 2-11: Relative density of different alloys in the as-sprayed condition [MCHUOQ8a].
2.3.2.2 Geometric influences

In the deposition zone different aspects are present during the initial droplets impingement.
The impinging droplets may change their morphology by adhering onto the surface
(substrate or deposit), or by fracturing into further secondary droplets, or may bounce off
the surface [HUOO]. According to Liu et al. the porosity increases with increasing surface
roughness in the deposition zone [LIU95]. For example, the initial clusters of impinging
droplets encounter a relatively flat surface, where the porosity remains minimal. However,
in the initial layer of deposition cold porosity makes the surface rough and hinders the
splashing of the forthcoming droplets. Furthermore, gas entrapment into the solidified layer

also creates pore. Hu et al. proposed a model with a combination of impact angle
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(deposition angle) and surface roughness for the geometric influence on porosity [HUOQ].
The impact angle (a) is defined as the angle between the surface tangent and the spray
direction of droplets (Figure 2-12a). The droplet spreading is influenced by the impact angle.
Larger impact angle causes inhomogeneous droplet splashing and bumps can be formed
inthe deposition zone. These bumps build up further and intensify the formation of shadows
[PASAO02]. Therefore, subsequent droplets can no longer reach areas underneath that and
pores are formed [HUOO, LIU18]. Hu et al. suggested to maintain the impact angle
perpendicular to the deposit surface to avoid this kind of porosity [HUOO]. However, further
experimental investigations by Uhlenwinkel et al. showed that the critical value of impact
angle is 26° for spray forming of rings [UHLEOQ7a]. Quantitative evaluations of the porosity
showed that at an average impact angle of approximately 25°, there was a sudden increase
in the scatter of the porosity from 2% to up to 15% (Figure 2-12b). However, thermal effects

have not been taken into account in this investigation.
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Figure 2-12 a) Schematic formation of rough surface and shadowing effect by higher impact angle
(deposition angle) [HUOO], b) porosity of spray-formed rings (material: IN718) as a function
of impact angle a [UHLEOQ7a].

23.2.3 Thermal influences

Thermal influences are reported as a vital parameter for porosity formation in previous
studies [MINIO2, MEYEO3, UHLEO7a, ELLE10b, MCHUQO8a, MEYE14]. The thermal
conditions of the droplets (amount of solid or liquid fraction) affect the geometric parameters

like deposit surface quality [ELLE10b]. The temperature and solid fraction in the droplets
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have a strong influence on the droplet spreading behavior [WANO1]. Due to higher liquid
fractions the droplets deform irregularly and are disintegrated in the outer surface after
impingement, which prevent the spreading of the droplets and formation of a layer of
uniform splat. Furthermore, those irregularly shaped droplets release heat from the
disintegrated periphery and form a cold and rough surface for the forthcoming droplets
[DHIMO9]. This rough and irregular surface hinders the spreading of subsequent droplets

and favors the formation of shadow areas (geometric porosity) [HUOO].

In many previous studies, the liquid (or solid) fraction of the impinging droplets is correlated
with the resulting porosity [LAVE96, WARN97, CAI98]. Warner et al. investigated the
relationship between average liquid fraction in the spray and average porosity of spray-
formed tubes and billets (Inconel 625/Ni-based and Cu-6wt%Ti) [WARN97]. The average
liquid fraction in the spray was calculated from the spray forming process parameters. For
both deposit forms, there is a decrease in the average porosity with increasing liquid fraction
to a minimum with a liquid content of approx. 0.55 - 0.6 which indicates cold porosity (Figure
2-13). It should be noted that in [WARN97] the cooling rate of single droplets is

overestimated. Therefore, the calculated liquid fraction in the droplet is generally too low.
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Figure 2-13 Influence of the average liquid fraction in the spray on the average porosity in the spray-
formed tubes and billets [WARN97]. The figure is adopted from [HENE17].
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However, the investigations revealed different porosities for tubes and billets with the same
calculated liquid fraction, which is due to different cooling conditions of the two deposit
forms. The surface to volume ratio is different for these two forms, which result in different
deposit surface temperatures. This behaviour shows that the relationship between porosity
and liquid fraction in the droplets depend on the deposit geometry (deposit form, deposit
diameter and length etc.) [WARN97]. With increasing deposit surface temperature, the

porosity in the deposit decreases.

Since the droplet size distribution, the droplet velocity, the mass flow density distribution
(MSD) and the convective heat emission of the droplets depend on the gas-to-melt ratio
[FRIT12, CIFT18, CIFT20], the deposit thermal profile is also related to the gas-to-melt ratio
(GMR) [UHLE14]. Ultimately, the GMR determines the liquid fraction in the spray, hence,
the thermal profile of the deposit. However, it must be noted that the GMR also depends on
the atomization system used. Therefore, Ellendt et al. proposed the concept of EGR (ratio
of enthalpy flow to gas mass flow) to determine the temperature difference (overheating) of
the melt to link liquidus temperature with the GMR [ELLE10b].

The substrate surface temperature also influences the droplets spreading behaviour
[DHIMO5]. A colder substrate surface means a higher temperature difference at the contact
surface, which promotes the heat release of the droplet and thus its prompt solidification.
The influence of the substrate temperature on the propagation behaviour of single drops
during impact was investigated by Dhiman et al. [DHIMO05] (Figure 2-14). With increasing
substrate temperature, the droplet can spread further and more evenly, since its spreading
phase was less hampered by the simultaneous solidification. For higher substrate
temperatures, more uniform spreads were achieved with almost no splitting of the droplet.
In addition, the impact velocity also influences the deformation behaviour, with higher

impact velocity the droplet spreading was more uniform.
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Figure 2-14 Influence of substrate temperature and impact speed on the deformation behaviour of

droplets during impact (tin on stainless steel substrates [DHIMO05]).

The deformation kinetics of droplets in rapid solidification processes depends on the droplet
deformation time [CHANO9]. During rapid solidification process the impacting droplets
breakup based on their velocity and solidification kinetics. An impacting droplet forms a
solid layer around its edges, obstructing liquid flow from the center and triggering uniform
splashing. In contrast, when a droplet does not solidify during impact, it disintegrates and
ruptures internally. During slow deformation nonuniformly distributed splats are formed.
The faster deformation time facilitates a solid layer around its edges, which prevent further
droplet breakup. McHugh et al. reported that the deformation time {3y depends on the droplet

velocity vy and the droplet diameter dy for a specific droplet temperature [MCHUOQ8a]:

da
ta o " %vg. Eq. 210

A shorter deformation time can be achieved with smaller droplet size d,; and higher droplet

velocity vy.

However, during the spray forming process the deposit surface act as a substrate for the
upcoming droplets, which means the surface temperature of the deposit affects the porosity.

Grant reported that in-situ measurement of the deposit temperature may be helpful to gain
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insight of the spray forming process and the influence of process conditions on the porosity
and microstructure of the spray-formed deposits [GRAN95]. Similarly, Walter et al. reported
that the deposit surface temperature is the most important parameter for porosity control
[WALTO5]. Uhlenwinkel et al. were able to demonstrate experimentally that the deposit
surface temperature has a strong influence on the porosity [UHLEQ7a]. Figure 2-15 shows
the influence of the deposit surface temperature on the porosity of spray-formed rings (Ni
bases alloy). With low deposit surface temperatures high porosity was observed (over 10%),
which mainly has been identified as cold porosity. The porosity decreased in the deposit
with increasing deposit surface temperature. The porosity was about 1% at deposit surface
temperature of 1260°C. As the deposit surface temperature continued to rise, the porosity
increased further due to hot porosity. The deposit surface temperatures were measured at
the deposit center region of the spray-formed ring with a two-color pyrometer. Further
investigations are necessary here for better understanding and transferability to other

product geometries and materials.
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Figure 2-15 Influence of the deposit surface temperature on the porosity of spray-formed rings (Ni
based alloy). The figure is adopted from [UHLEQ7a].

Meyer et al. have shown that the same relationship between the porosity level and the
deposit surface temperature can be observed in spray-formed sheets for different materials
such as Cu alloys (Al-bronze and Sn-bronze) and nitriding steel [MEYE14]. The authors
reported that the deposit surface temperature itself is unsuitable to transfer results to other

alloys. For example, a deposit surface temperature of 1260 °C would lead to the complete
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melting of the aluminum alloys. Therefore, a concept of dimensionless enthalpy of deposit
surface (h*sur) was proposed [MEYE13] and it has been shown that the optimum porosity
levels are always obtained when the deposit surface temperature was close to the alloy’s
solidus temperature (Figure 2-16). The authors also showed that cold porosity in the vicinity
of the substrate can be considerably reduced by preheating the substrate at temperatures
close to the alloy’s solidus temperature. However, the magnitude of the minimum porosity

level was strongly dependent to the material.
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Figure 2-16 Effect of the dimensionless enthalpy of deposit surface on porosity of Al-bronze, Sn-

bronze and nitriding steel (adapted from [MEYE14]).

Within the spray forming process a model for the distribution of the non-dimensional specific
enthalpy (hg) in the spray was developed based on an existing mass flux model by Ellendt
et al. [ELLEO7b]. The non-dimensional enthalpy at the nozzle distance z can be determined

by the following equation [ELLEOQ7b]:

hi (2) = exp(az -z - dgj ;) Eq. 2-11

where, a,, b, and ¢, are constants and dsg; is the mass median droplet diameter in the

spray. The constants depend on the atomizer geometry and the alloys.
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According to Eq. 2-10 smaller droplets reduce the enthalpy transfer into the deposit. The
deposit surface temperature Tp depends on the specific enthalpy in the deposition zone.

The following equation can be derived from Eq. 2-11:

AT, o« Ah=f(a, -z - dg, Eq. 2-12

where, ATy, is the change of deposit surface temperature, Ah is the change of specific

enthalpy in the deposition zone and ds, 3 is the mass median droplet diameter in the spray.

2.3.3 Porosity and thermal behaviour of tubular deposits

The thermal behaviour and porosity of spray-formed tubes and rings have been studied in
several previous investigations [LAWL98, CUIO4, CUIO5a, CUIO5b, MI08a, MIO8Db,
UHLEQO7a, MEYE13a, BUCHO03, ZEPO16, LEE18]. Tubular deposits typically show similar
porosity behaviour like other deposit geometries. Figure 2-17 shows a spray-formed AlSI
52100 (100Cr6) tool steel tube, spray formed using a free-fall atomizer. From the porosity
analysis higher porosities in the vicinity of the substrate and at the outer surface are
observed. In contrast, high relative density materials have been found in the deposit center.
Figure 2-17c shows a ring segment from the as-sprayed deposit. In the vicinity of the
substrate the porosities were mainly cold porosities and in the deposit center about 100 um

large circular hot (gas) pores are found.

Cui et al. investigated the thermal behavior of a tubular preform numerically. A three-
dimensional heat transfer model [CUI05b] of a spray-formed tube has been established to
predict the thermal profiles of a growing tubular deposit in spray forming. The model was
constructed based on a three-dimensional shape model [CUI05a]. The model showed that
the temperature gradient of the deposit in the vicinity of the substrate was higher than that
in the center or surface region (see Figure 2-18). In the center of the deposit a mushy zone
is formed while the complete solid layers at the base and the top surface of the deposit

promote cold porosity.
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Figure 2-17 Spray-formed a) tubular deposit of AISI1 52100 (100Cr6) tool steel, b) porosity distribution
in deposit thickness, ¢) cross-section of the ring segment with hot porosity (gaseous) in
the deposit center and cold porosity in the vicinity of the substrate. The figure is adopted
from [BUCHO3, GRAN17].
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a) Temperature distribution through the longitudinal section of a tubular preform (AISI

52100), b) cooling behaviour at different regions in the deposit. The figure is adopted from
[CUI05Db].
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Mi et al. reported a similar cooling behaviour in a tubular deposit. In addition, the authors
compared the grain size of the spray-formed IN718 deposit in different regions with
changing temperatures [MI08b]. The center of the deposit with higher temperature (higher
residual liquid fraction) showed relatively uniform and equiaxed grains with average size of

42 ym and an average residual porosity of 1.5%.

The thermal behaviour of the deposit depends on the liquid fractionin the spray. At constant
process parameters, the liquid fraction in the spray forming can be varied by changing the
spray distance [ELLE14]. However, moving the deposit distance may affect the geometric
yield of the deposit. In spray forming, yield is defined as the ratio of feedstock mass and
final deposit mass. Figure 2-19 shows that the distance of the deposit also affects the
deposit temperature by changing the liquid fraction. During spray forming of tubular deposits
an optimum spray distance should be determined according to the substrate diameter and

the atomization conditions.
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Figure 2-19 Calculated fraction of overspray for coating of thin tubes with a conventional free-fall-

atomizer [ELLE14].

Ellendt et al. reported that high yield during spray forming of tubular deposits is achievable
at shorter spray distances with a close-coupled atomizer [ELLE14]. Figure 2-20 shows the
materials yield as a function of spray distance in a close-coupled atomizer. However, the
too short spray distance (64 mm) leads to a hot deposit with uneven surface and high hot

porosity in the deposit. The hot deposit surface can be avoided by higher GMR by
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increasing the gas mass flow rate (the gas pressure). At larger distance (144 mm) the

deposit was colder with lower porosity.
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Figure 2-20 a) Effect of spray distance on yield of tubular deposits by close-coupled atomizer (alloy:

Cu-15.5wt%Sn), b) rough deposit surface at short spray distance; ¢) and d) higher

porosity in the vicinity of the substrate. e) better surface at long spray distance, f) and g)

lower porosity in the vicinity of the substrate. D — substrate diameter, p — atomization gas

pressure. The figures are adopted from [ELLE14].

In a recent study, Zepoen showed that twin nozzle systems can be used for spray forming

of wear resistant bimetallic tubes (Figure 2-21a) [ZEPO16]. The first layer of the deposit

was approximately 8 mm thick and showed a high relative density of more than 99% due to

preheating of the substrate. The second layer possessed a low relative density in the vicinity

of the interface. About 70% of the second layer (approx. 25 mm thick) had a high relative

density as well (Figure 2-21). The preheating of the substrate reduces the porosity near the

substrate. Recently, Lee et al. reported that the preheating of the substrate also may not

remove the near substrate porosity (see Figure 2-21b) due to different materials in cladding
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of two dissimilar steels [LEE18]. However, the authors suggested that the preheating up to
a temperature range of 70% - 85% of the spray formed alloy solidus temperature may

increase the interfacial shear strength up to 90% compared to cold condition.

Figure 2-21 Porosity in tubular deposit a) interfacial porosity in bimetallic spray-formed tube [ZEPO16],
b) interfacial crack in cladding of two dissimilar steels [LEE18]. The figures are adopted
from [ZEPO16] and [LEE18].

2.4 In-situ measurement in the spray forming process

In the previous section it has been described that the deposit profile (structure and material
properties) depends directly on the thermal character of the partially solid/liquid droplets
during impact. According to Khatibi et al., monitoring specific droplet properties as, i.e.
droplet temperature, velocity and size as well as mass and enthalpy fluxes provide a unique
tool for optimizing the material properties as well as controlling the spraying conditions
during deposition [KHAT17]. However, real time measurements of the melt atomization
process and subsequent spray deposition process is challenging task due to high
temperature in the atomization chamber. In this section the available in-situ measurement

techniques will be presented.

241 In-situ measurement techniques

Since spray-formed deposits are substantially a collection of impinging droplets/particles on
the substrate in a molten or partially molten state (also fully solid), the diameter, the velocity

and especially the temperature of those particles have been studied to understand the
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process [HENE92, GRAN95, TILL99, BRENOO, KRAU02, ZIES02, BERGO04]. Numerous
studies at University of Bremen have been performed to measure in-situ the droplet
characteristics (e.g. size, mass flux or flow rate, velocity and temperature) in the spray

based on following principles [KHAT17]2:

o Optical based techniques: PIV (particle image velocimetry) is a high-speed
imaging with shadowgraphy. The Particle Master (LaVision GmbH in Géttingen,
Germany) is a high-magnification shadow imaging system [LAVI17], has been used
for visualizing particles. However, high temperature melt radiation (i.e. molten steel)
may hamper the shadowing, hence, the particle detection.

¢ Thermal radiation techniques: Based on pyrometry and infrared imaging Krauss
et al. adopted DPV-2000 from Tecnar/Canada for the spray forming process and
detected the particle impact velocity and size in the different process conditions
[KRAUO2].

o Laser based techniques: A number of laser-based sensors are available to carry
out in-situ measurements of droplets and are adaptable even to hostile
environments. PCSV-P (particle counting, size and velocity) is a forward laser
scattering technique based on the focusing of a laser beam into a measuring volume
through which particles flow. This technique was used in [HENE92]. EPSV works
based on laser diffraction technique and an adapted version was used in [BOYK93].
PDA/LDA (Phase/Laser-Doppler-Anemometry) is commonly used for measuring
droplets/particles size and velocity in sprays [TILL99, ZIES02]. The basic principles
of this technique have been described in Chapter 4 of [HENE17].

24.2 Previous droplet studies in molten metal sprays

Ziesenis et al. demonstrated by PDA-based analysis that the atomization gas pressure has
an influence on the mean particle diameter and velocity [ZIES03]. Figure 2-22 shows that
the particle velocity increases at higher gas pressure and decreases with smaller particle

diameter.

2 These measurement techniques are also used in particle characterization of other processes. For
a better description of each of the techniques the reader is referred to Chapter 6 of Metal Sprays and
Spray Deposition, published by Springer (2017) [HENE17].
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Figure 2-22

Tillwick et al. reported similar characteristics for copper and copper alloys, low carbon steel,
aluminium alloys and tin in the radial direction of the spray cone [TILL99]. Krauss et al.
compared the results between the DPV high-speed-pyrometer and PDA in the atomization
of low carbon steel with constant process condition (melt super heat 150 K, gas pressure
0.35 MPa, spray distance 420 mm, radial distance 20 mm, pouring nozzle diameter 4 mm)
[KRAUO02]. Figure 2-23a shows that the values determined by PDA and the pyrometer are
similar and the measured particle velocity decreases with increasing particle diameter. In
addition, the authors compared three different melt materials (low carbon steel Ck35, tool
steel X20Cr13, copper alloy CuNi) by pyrometer (DPV-2000) measurement [KRAUO2].

Figure 2-23b demonstrates the influence of different materials at constant atomization
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Figure 2-23 Particle size, velocity and temperature measurement in metal droplet spray a) comparison
of pyrometer (DPV-2000) and PDA, b) influence of the different alloys. The figures are
adopted from [KRAUO02].

Besides in-situ measurements in the spray, numerical modeling and simulation is common
to determine the spray conditions. Fritsching performed a multiphase flow simulation in the
spray forming process and reported similar relations between the particle size and velocity

[FRITO5]. In addition, the author reported how the particle velocity varies with flight distance
in the spray.
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2.5 Summary of the State of the Art

The spray forming technology is an established process as a rapid solidification method in
the metal forming industry since about half a century. Near-net-shaped, semi-finished metal
products with desirable geometries can be produced with the spray forming process. The
main advantage of the process is the refined microstructure of the as-sprayed materials,
which allows production of high alloyed materials. Usually, gas atomization is used for
atomizing the superheated melt in spray forming. Free-fall atomizers (FFA) or close-coupled
atomizers (CCA) are adopted for spray deposition. Free-fall atomizers provide more
flexibility for producing larger products. However, higher porosity in the as-sprayed
materials with FFA is one of the drawbacks of the spray forming process. Close-coupled
atomizers spray with finer particles are also used in spray forming. In recent years, hot gas
atomization has been introduced in metal powder production for producing finer particles

with lower gas consumption.

Since porosity is the main concern of the as-sprayed materials in spray forming, therefore,
numerous investigations have been carried out to understand the porosity formation. In the
spray forming process porosities occur mainly in two types, cold porosity and hot or gaseous
porosity. These porosities and final microstructure in the as-sprayed deposits are evolved
based on different criteria like metallurgical, geometrical and thermal. Apart from these
influencing principles, the droplets in the spray play as a decisive factor in spray forming.
The droplets characteristics inthe spray, i.e. droplets size, thermal behavio ur, liquid fraction,
velocity significantly define the properties of the final products. Therefore, in-situ
measurement in metal sprays have been carried out to understand the process with
different mechanisms in-situ spray diagnosis system. Among them pyrometry and laser

based LDA/PDA techniques have shown suitable results in spray forming conditions.

Spray forming of tubular deposits has been already carried out mainly with free-fall
atomizers, where porosity in the vicinity of the substrate was the main drawback. High yields
and low porosities for small diameter tubes have been achieved with close-coupled
atomizers, which makes this atomizer interesting for future developments. Investigations
are needed to understand the process elaborately. Furthermore, investigation of the effect
of hot gas atomization may open a new process window in spray forming. Based on these
fundamental findings from earlier invesitagations, in the next chapter the objective and

solution approaches of the thesis will be presented.
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3 Objectives and Outline of Thesis

With recent technological advancements, the spray forming process has made it possible
to produce high quality materials in near-net-shape. However, porosity formation in the
produced deposits till is one of the main deficits of the spray forming process. Through the
state of the art the main reasons for porosity formation have been depicted. The
characteristics of the droplets and droplets deformation kinetics define the level of porosity
in the as-sprayed materials. In spray forming of tubular deposits with free-fall atomizers,
porosity especially in the vicinity of the substrate has been detected. Using close-coupled
atomizers result in lower porosity for Cu alloy. However, the reason behind the lower
porosity and higher yield are yet not understood. Higher droplets velocities of the close-
coupled atomizer may affect the droplet kinetics. Introduction of hot gas in the process may
further increase the droplet velocity, which may open a new process window for the process
itself. Further understanding the mechanisms in the spray forming process would provide
guidelines for future research and application in the industry. Therefore, the aim of this PhD
thesis is to push understanding of the role and influence of droplet size and velocity in the
spray forming process. The following central research hypothesis of this thesis is derived

from the motivation and objective:

“In the spray forming process of tubular deposit higher spray droplet impact

velocities lead to less porosity and increased yield.”

The larger droplets from a free-fall atomizer with comparatively longer deformation time and
lower solid fraction during impact result in higher porosity in the deposit due to disintegration
and the internal rupture during the impact. The smaller droplets from close-coupled
atomization and the faster droplet velocity with hot gas will reduce the deformation time and
result in high density deposits. The following working hypotheses are derived from the

central research hypothesis:

Hypothesis 1: The porosity of a tubular deposit can be reduced by the smaller droplets

sprayed by a close-coupled atomizer.

Hypothesis 2: The particle velocity in the spray can be increased by using hot gas in

atomization even at similar droplet size.

Hypothesis 3: Decreased deformation times during droplet impact will result in high density

materials and will extend the process window.
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Hypothesis 4: The developed knowledge of improving production of spray formed tubes

with advanced properties is transferable to other alloy systems.

Thesis outline and solution approach

Based on the working hypotheses, the solution approachs will be presented in this chapter.

Figure 3-1 illustrates the outline of the thesis working process.

(r

N\

« Largerdroplet

+ Lowerdroplet velocity

+ High porosity in the vicinity
\ of the substrate

J

Relative density § & -

T
\ Deposit surface temperature T,

J

FFA CCA (" CCA+Hotgas )

=\r=| = =y - ==} Te, M
q F] TG 0 MG,D ¢ djT
dag ]

9 tgo o —

. Pao Tpl ~dq4l

B dy . To

— Too — Too

TH | |

Relative density § & —
LY

Expansion of
process window

ta<tyo |

-

T
Deposit surface temperature To

J

.

Goal: Expansion of the process window

J

Figure 3-1:

Graphical outline of the course of the thesis. In the PhD dissertation a close-coupled

atomizer is adopted to spray form tubular deposits. The smaller droplet size by a close-

coupled atomizer influence the porosity. Hot gas introduction reduces the droplet size and

increase the droplet velocity, which further reduce the deposit surface temperature and the

droplet deformation time. With faster droplet deformation highly dense materials can be

produced at lower temperatures. (T — gas temperature, Mg — gas mass flow rate, do —

droplet diameter at hot gas, va — droplet velocity at hot gas, 4 — droplet deformation time at

hot gas, Tp — deposit surface temperature at hot gas, Ah — specific enthalpy change,

subscript 0 means cold gas atomization condition).
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i) Adapting a close-coupled atomizer for spray forming of tubular deposits and

finding optimal process parameters

e Adapting close-coupled atomizer: A close-coupled atomizer with provision of hot
gas application is adapted for spray forming of tubular deposits. The expected
smaller droplet sizes by CCA lead to higher solid fractions compared to FFA spray
at impact, which may result in shorter droplet deformation time during impact (the
deformation time {4 is proportional to the droplet diameter d, Eq. 2-9). The porosity
of the spray-formed tubular deposit with CCA is to be compared with deposits from
FFA.

e Optimizing process parameters for CCA: In the spray forming process several
parameters are vital for the material quality, e.g. substrate thickness, flight distance,
gas-to-melt ratio (GMR). The process parameters are optimized for spray forming
of tubes by CCA.

ii) In-situ temperature measurement: To gain insight into the spray forming process and
the influence of process conditions on the porosity and microstructure of the deposits, in-
situ measurement of temperatures (deposit surface and substrate) are to be carried out.
The deposit surface temperature is measured by optical method and substrate temperature
is measured by thermo-couples at different positions. The temperature measurement can

be further used to validate the numerical model of the spray forming process.
iii) Particle velocity measurement at different gas flow rates

The droplet deformation time t; depends on the particle velocity vy during spray
impingement in the deposition zone. The particle velocity is measured in the spray chamber
at the position of impingement by Laser Doppler Anemometry (LDA). The effect of
atomization gas temperature is analysed by measuring the particle velocity at identical gas

pressures for the same particle size.
iv) Introduction of hot gas atomization in the spray forming process

Hot gas atomization is to be used in the spray forming process. Application of hot gas
atomization may change the cooling behavio ur of the spray-formed deposits and the faster
particles produced by hot gas atomization may influence the droplet deformation in the
deposition zone. Furthermore, hot gas may affect the initial substrate temperature Ts, which
improves interfacial bonding and allows the process to be used to manufacture clad tubes

to be implemented in surface coating. In addition, the influence of larger substrate diameter
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on cooling behaviour of the deposit is to be investigated. The goal is to extend the spray

forming process window.
v) Spray forming of Aluminium alloys

The acquired knowledge from the spray forming of steel tubes by a close-coupled atomizer
is transferred to other alloys. For example, Aluminium alloys are spray formed to investigate
the processability of the materials with CCA in tubular form. The porosity and microstructure
of spray formed Al-deposits are compared with literature data with FFA and conventionally

processed materials (casted).
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4 Methodology and Experiments

In this chapter the selected methodology and experimental procedure will be discussed.

Figure 4-1 illustrates an overview of the used methodology and experimental setups in this

PhD thesis.
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- Oxygen and nitrogen content —

hot gas extraction

Figure 4-1: Overview of the used methodology and experimental procedure in this PhD thesis.
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41 Close-coupled atomizer for spray forming

A close-coupled gas atomizer has been adopted for spray forming of tubular deposit. The
gas atomizer is used to produce sprays and droplets with different cooling conditions that
vary with particle size. The gas nozzle section can be changed from close-coupled
atomization to free-fall atomization, which has been used to compare the deposit quality.
The schematic layout of the spray forming system is shown in Figure 2-2. The spray forming

setup system consist of four main components:

i. A vacuum melting chamber with melt temperature up to 1750 °C
ii. A spray chamber with a maximum particle falling distance of 4.8 m (which is also
used for powder production)
iii. A gas atomizer (which is changeable to free-fall atomizer)

iv. A substrate holder with rotating and axial movement

In the melt chamber either Al,O3 (CA97-GK80/20, MiTec Middeldorf) or graphite crucibles
are used. About 2 to 5 kg of feed stock material are melted in a protective environment
consisting of N2 or Ar. For spray forming of steel, the feed stock is heated up to 1000°C in
a Nz environment (N2 supplied from the main process gas tank) and above 1000°C the N2
environment is changed to an Ar environment (Ar supplied from a gas cylinder) to avoid N>
diffusion to the steel. The melt temperature is held constant for 5 minutes at superheat
temperature (about 200 K above the liquidus temperature) before atomization. In the
crucible a stopper rod is placed to prevent the melt flow into the nozzle during the heating
process. The stopper rod is removed mechanically by a pneumatic system a few milli
seconds before the atomization process starts. The melt temperature is measured by a type
B thermocouple placed in the stopper rod. A second type K thermocouple is placed inside
the graphite susceptor, which is located in between the induction coil and crucible. The
atomization gas pressure, melting chamber pressure, and differential pressure between the
spray chamber and the vacuum vessel are also recorded. The gas flow rate is calculated

based on the empirical model by [CIFT18].

The pouring nozzles are made of ceramic material (HeBoSint 0120), Al,Os; (CA97-
GK80/20, MiTec Middeldorf) or graphite (in case of Al-alloys and Cu-alloys). The ceramic
material (HeBoSint O120) showed erosion by the running melt from the crucible to the
atomization zone. Therefore, Al,O3 nozzles have been used for all the experiments (section
5.3). Graphite nozzles are used for graphite crucibles. 2 — 2.5 mm pouring nozzle diameters
are used for the spray forming runs.
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The melt chamber is constructed by several electrically polished ring segments and a
conical collector to capture the solidified particles. A cyclone is connected with the spray

tower to separate particles form the gas.

A slit jet type (slit of 0.8 mm) convergent-divergent close-coupled atomizer (CD-CCA-0.8)

and a multi jet free-fall atomizer (20 holes with 1.1 mm diameter) are used as gas atomizer.

The substrate holder is fixed in the spray chamber. The substrate rotation and axial velocity
can be controlled remotely by a control box. Sand blasted low carbon steel tubes with
different diameters (90 mm, 110 mm and 133 mm) and wall thickness (3 —6 mm) have been

used as substrates.

41.1 Hot gas atomization

Hot gas atomization is performed by preheating the process gas by an electrical heat
exchanger (Elmess — HG/SE — 56). The heated gas is brought into the atomization zone
through an insulated piping system. The gas temperature is measured by a K-type
thermocouple in the gas nozzle opening. The maximum gas temperature can reach up to
350 °C (623 K) by the system. The gas mass flow rate for hot gas atomization is calculated

by the empirical model presented in Eq. 2-7.

41.2 Powder production for particle size analysis

In addition to the spray forming experiments, several melt atomization runs with the same
equipment are performed to produce powder. The powders are produced both under the
cold gas and hot gas condition. The produced powders are further sieved and analysed to

investigate the effect of atomization conditions on the particle size distribution.

4.2 Materials selection

A bearing steel AlSI 52100 (100Cr6) has been used for spray forming of tubes within the
scope of this dissertation. The nominal chemical composition of the AlSI is listed in Table
4-1. The selected steel is considered for different spray forming conditions: a) spray forming

with a free-fall atomizer, b) spray forming with a close-coupled atomizer and c) spray
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forming in hot gas atomization. Stainless steel AISI 316L was taken for verifying the effect

of hot gas atomization on particle size, particle morphology, and N2 pickup at elevated gas

temperature.
Table 4-1 Nominal chemical composition of AIS152100 (100Cr6).
Elements C Si Mn Cr Fe
wt. % 0.93-1.05 0.15-0.35 0.25-0.45 1.35-1.60 balance
Table 4-2 Nominal chemical composition of AISI 316L (Fe — balance)
Elements C Si Mn Cr Ni Mo S P
wt. % 0.3 0.44 1.84 17.5 12.3 2.5 0.001 0.21

To verify the transferability of the knowledge to other alloying system, two commercial
aluminium alloys Al-5083 and Al-6082 have been spray-formed. The nominal chemical

composition of the selected aluminium alloys are listed in Table 4-3.

Table 4-3 Nominal chemical composition of spray-formed Al alloys in wt.% (Al — balance).

Alloy Si Mg Mn Fe Cr Cu Zn

5083 0-04 4-49 0.4-1 0-04 0.05-025 0-01 0-0.25

6082 0.7-1.3 06-12 04-1 0-0.5 0-0.25 0-01 0-01
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4.3 In-situ spray and deposit analysis
4.3.1 Deposit surface temperature

The deposit surface temperature is measured by means of 2-color pyrometer (Galaxy SC
12 model from Sensor Therm). The pyrometer is placed parallel to the deposit (Figure 4-2).
The temperature is measured in a line scan. The length of the pyrometer line-scan is 180

mm to 210 mm.
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Figure 4-2: Line-scan range of the pyrometer and position of thermocouples in the substrate. The
figure is adapted from [HUSS20a].

4.3.2 Substrate temperature

The substrate temperatures at four different positions in the longitudinal direction are
measured by thermocouples (Figure 4-2). The thermocouples positions are 0.5 mm below
the substrate surface. The first thermocouple, T1, is located 25 mm from the substrate end
and the subsequent thermocouples (T2, T3, and T4) are placed in 50 mm distances along
the substrate following T1. The substrate is positioned adjacent to the spray cone at start

position.
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4.3.3 Particle velocity (LDA)

The LDA anemometer working principle is based on the Doppler shift of a radiated laser
source scattered by a moving object. The frequency change of the scattered radiation is
related to the velocity of the moving object [ABBI74]. The Laser Doppler Anemometry (LDA)
device basically consists of two crossing laser beams and an optical detector (transmitting
and receiving optics). The measurement is conducted at the measuring volume, which is
the intersection area of the two laser beams. The structure in the measuring volume can be
characterized by parallel planes of alternating light intensity (fringe pattern). When a particle
passes through the measuring volume the scattered light creates a corresponding signal
voltage in the photodetector, which is the Doppler bursts (see Figure 4-3). The frequency
of the Doppler burst is proportional to the particle velocity. At smaller distances to the
atomizer, LDA measurements in the spray typically are not possible owing to the high
particle concentration, thus leading to crossover signals of multiple particles in the
measurement volume [ZIES02].

l l Particles

Laser

Transmitting and " Measurement
receiving optics ~._ Volume Light intensity
— df
A
de = —3
) 2 sm(j)
Figure 4-3: Arrangement and measuring principle of Laser Doppler Anemometer (LDA) in back

scattering arrangement. The figure is adopted from [DANT 20].

In this study, the velocity of the particle has been measured at the center of the spray at the
flight distance of 130 mm (at the position of the substrate in spray forming) by the Laser
Doppler anemometry (LDA) technique with a Laser Doppler System (from TSI, TR — SS —
2D) in back scattering arrangement. Figure 4-4 illustrates the LDA measurement setup and

the parameters used for the measurement. Instead of measurement in a spray of molten
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metal droplets, a cold metal powder (AISI 52100 steel powder, size fraction of 63 — 90 um)
is injected through the pouring nozzle. The gas from the atomizing nozzle was flown in the

atomization chamber.

Metal powder feed ¢
< Pouring nozzle

/ @"‘/Zi 77777777777777777 Atomizing gas

130 mm

Transmitting and
receiving optics

——— Spray center

Spray chamber

Figure 4-4: Schematic diagram of LDA particle velocity measurement (back scattering arrangement) in

the spray chamber. The figure is adopted from [HUSS20b].

4.4 Ex-situ materials characterization

Figure 4-5 shows a representative deposit and deposit contour as sprayed. At the beginning
of the spray forming process the edge of the substrate is placed directly below the spray
and then moved axially with time. At the end of the deposit the deposit thickness decreases

due to lower mass flow rate with reduced melt pressure in the nozzle at the end of the

process.
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Figure 4-5: a) Photo and (b) contour of a spray-formed tubular AIS|1 52100 steel deposit (PA7-230).



Methodology and Experiments

Ring segments have been taken from the as-sprayed tubes by electric discharge machining
(EDM) due to the high hardness of the as-sprayed deposit. The taken samples are ground
and polished for the investigation of the resulting microstructure and porosity. Figure 4-6
shows a ring segment of spray-formed tubular deposit. P1 is close to the outer surface
(about 2 mm below the surface), P2 is at the deposit center/core, and P3 is near the inner

surface (about 2 mm above the substrate).

Quter surface

+

Substrate

Deposit Substrate surface

Figure 4-6: a) Ring of a spray-formed tubular deposit (GMR: 1.6, atomization gas tempeture: RT, PA7-
170); b) ring segment before macro-etching; c¢) after macro-etching. Micrographs are taken
at three positions (P1, P2 and P3). P1 is near the outer surface, P2 is at the deposit core

and P3 is near the inner surface. The figures are adopted from [HUSS20a].

441 Surface roughness

The deposit surface roughness was measured by white light interferometry (Taylor Hobson
— Taylsurf CCI HD). The white light interferometry is a non-contact and rapid optical method
for surface height measurement on 3-D structures with surface profiles varying between
tens of nanometers and a few centimeters [ADIO8]. The measuring principle includes
scanning the object through Z axis in noncontact mode, using white light and measuring the
visibility of the interference fringes (degree of coherence) at each pixel in the image
[KUWAQY]. Figure 4-7 illustrates a scheme of the instrument for this technique. The light
beam is emitted from an illumination source, which is further divided into two paths by a
beamsplitter. One beam goes directly to the measuring surface and the other beam to the
white light interferometer (Mirau interferometer) consisting of a microscopic object, a semi-

transparent mirror, and a reference mirror. Afterwards, both beams are reflected back and
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combined in the beamsplitter to create interference fringes. These interference fringes are
recorded by a charge-coupled device (CCD) camera. From the interference pattern the
surface profile can be obtained, the resulting constructive fringes along the scanning axis
give the height of the surface at that point, and their variation along the surface gives
information about the variation on the surface roughness [ADIO8]. The surface roughness
of the deposit segments, Sa (arithmetical mean height, ISO 25178) values were measured

in a measurement area of 335 ym x 335 pym.

White light source

Magnification selector

Beam splitter A
<
27
Microscope objective Microscope
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Reference mirror

Miru interferometer —» Object
Ramp

Figure 4-7: Schematic diagram of scanning white-light interferometer.

4.4.2 Porosity analysis

The porosity is measured from a polished ring section by image analysis (Leica Qwin 2.4).
The pore content is determined as a percentage of the pore area present within each
measurement field (~370 um x 370 uym). The mean porosity percentage is plotted against
the deposit thickness from the near substrate region to the outer surface region. Figure 4-8
shows an example of porosity measurement from a spray-formed deposit (PA7-170, GMR

= 1.6, cold gas atomization with CCA) ring segment.
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Figure 4-8: Porosity in terms of surface area in deposit thickness direction from substrate to outer

surface (GMR = 1.6, PA7-170). The figure is adapted from [HUSS20a].

44.3 Metallography

For microstructure studies, ring segments were taken from the tubular deposit,
metallographic samples and have been ground, polished and etched. The etching mediums

for different alloys are listed in Table 4-4.

Table 4-4 List of etching solutions and conditions for different materials.
Material Etching 1 Etching 2
AISI 52100 Nital solution Picric acid at 50 °C
Sulfuric acid and hydrofluoric acid Potassium permanganate and solidum
Al-5083 . . i
solution hydroxide solution
Sulfuric acid and hydrofluoric acid Potassium permanganate and solidum
Al-6082 . ) . o
solution hydroxide solution at 30 °C

4.4.3.1 Optical microscopy

The etched samples have been analyzed with optical microscopy. The grain size is
measured from the optical microscopy images, using the intercept method (DIN EN ISO
643).
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4.4.3.2 SEM

The ground, polished and etched as-sprayed samples and particles are analyzed with an
SEM device to determine the particle morphology and surface quality (Carl Zeiss, SUPRA
40 equipped with a Bruker XFlash 6/30 EDX detector).

4.4.4 Powder characterization

The atomized powders have been sieved below 200 ym (CCA) to remove the unwanted
chips and flakes. Afterwards, the powders are divided with a vibratory feeder (DR100,
Retsch) and rotating powder divider (PT100, Retsch). The divided powders are collected in
8 glass bottles. A representative sample fraction (1/8 of the entire powder) is taken for

further analysis.

44.4.1 Laser diffraction analysis

The particle size distribution has been measured by a laser diffraction system (Mastersizer
2000, Malvern; ISO 13320). The sieved powders are dispersed with water and delivered to
the optical bench, where the scattering patterns of the particles are detected. A detector
array made up of several individual detectors within the optical bench collects the light
scatter from a range of angles (Figure 4-9). All the detected information from each individual
detector are accumulated in one measurement and analyzed by the Malvern software using
Fraunhofer or Mie theory. Despite the high accuracy and resolution, the system considers
ideal spherical particles and can only be used to measure particle sizes (no shape
measurement is possible). Nine measurements for each powder have been conducted and

averaged.
44.4.2 Oxygen and Nitrogen analysis
The oxygen, nitrogen content in the atomized powders have been measured by hot gas

extraction method (An ELTRA ONH-2000). Five measurements were performed for each

of the powder and average of the measured value is taken.
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Figure 4-9: Measuring principle of laser diffraction analysis of metal powders.
44.4.3 Error in measurement techniques

Several errors are observed during the experimental procedures. For example, the contact
point of the thermocouples could vary. The thermocouple also shows a slight deviation in
the temperature measurement. The two-color pyrometers used in this work also have
deviations from the actual temperature, since the absorptivity of the medium and the
environment can be different for each atomization process. During the Laser Doppler
Anemometry (LDA) measurement, the spray center also fluctuates depending on the gas

pressure. Possible errors during the measurement are listed in Table 4-5.

Table 4-5 Error in adopted measurement techniques.
Mearurement
. Error
technique
Type K thermocouple 1+ 2.2 °Cor0.75%.

May differ + 50 °C from the actual temperature due to absorptivity of a

Two-color pyrometer ) . ]
medium. Reproducible for a constant medium.

Laser Doppler
The adjustment of the laser at the spray center may differ + 2 mm.

Anemometry (LDA)
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5 Results and Discussion

5.1 Comparison of CCA with FFA

The mean particle size in a spray from a close-coupled atomizer (CCA) is reduced
compared to a free-fall atomizer (FFA) (see Figure 2-5). Based on that observation a
hypothesis 1. “the porosity of a tubular deposit can be reduced by the smaller
droplets sprayed by a close-coupled atomizer” has been proposed. In this section the
hypothesis 1 is investigated and discussed in detail. Several spray forming experiments are
performed with AISI 52100 steel. The key parameters varied in the experiment series are
listed in Table 5-1. All the process parameters of spray forming runs can be found in
Appendix (Table A-1).

Table 5-1 Key process parameters varied in section 5.1.
. Substrate Substrate Gas temperature ~ Gas pressure
Atomizer g5 /. [mm]  thickness [mm] Te [°C] [MPa] GMR[]
CCA/FFA 90 x 270 29-6.3 20 (RT) 0.8-2.0 1.4-29

The microstructure of the spray-formed AlISI 52100 steel in the three regions of the as-
sprayed representative deposits are shown in Figure 5-1. The deposit segments are taken
20 mm away from the deposit starting end. The microstructure exhibits equiaxed pearlite
with fine carbides at the primary austenite grain boundaries. The grain size at the outer
surface is smaller while the grain size in the deposit center region of the deposit is larger at
the deposit with close-coupled atomizer (Figure 5-1a). This variation is due to differing rates
of cooling and solidification. Particularly, the microstructure in the vicinity of the substrate
shows smaller grain sizes, which indicates more intensive cooling in the vicinity of the
substrate. The perlite spacing depends on the cooling rate of the steel [BLEC11]. The
interlamellar pearlite spacing is also different at the outer surfaces of the deposit and in the
center of the deposit, confirming that the cooling conditions in the various regions are
different. The deposit with free-fall atomizer shows a similar trend of the grain structure
(Figure 5-1b). In comparison with the AISI 52100 tubes spray-formed using a free-fall
atomizer (as shown in Figure 5-1), the microstructure of the tubular deposit using a close-

coupled atomizer is at least one order of magnitude finer.
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Figure 5-1: Micrographs of the representative tubular AIS152100 deposit spray-formed with a) close-
coupled atomizer (CCA) and b) free-fall atomizer (FFA). Here, PA7 is the atomization

setup name and the three digit number is designated for individual run number.
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The porosity profiles of tubular deposit spray-formed using a free-fall atomizer alongside
porosity profiles achieved using a close-coupled atomizer are shown in Figure 5-2. The
deposits spray-formed using a close-coupled atomizer result in a much better porosity
profiles compared to the deposits spray-formed with a free-fall atomizer. It can be seen that
the variation of process parameters (GMR, deposit thickness, substrate thickness) hardly
showed any significant differences in the porosity profiles, except in the inner surface region
of the deposits for spray forming with close-coupled atomizer. Therefore, the substrate
thickness of 5 mm is used as standard for later experiments. The microstructure refinement
in the tubular deposit can be attributed to high cooling and solidification rates due to the
high surface area-to-volume ratio of the droplets generated by close-coupled atomizers
(see Section 2.2.3). The intensive cooling in this study rarely shows high amount of cold
porosity, as presented in the tubular deposits via free-fall atomizer. This indicates that the
faster droplet velocity and the smaller droplet size related to the use of close-coupled

atomizers may have reduced the cold porosity.
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Figure 5-2: Porosity distribution of tubular AIS152100 steel deposits spray-formed with close-coupled

atomizer (CCA) and free-fall atomizer (FFA). Deposit section taken from deposit start
position measured by image analysis (measurement field: ~370 ym x 370 um). The
process parameters with Exp. ID is listed in the Appendix (Table A1). * Data from Cui et al.

[CUI04] for comparison.
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5.2 Optimizing process parameters for CCA

In the previous section (5.1) it is shown that spray forming with close-coupled atomizer
reduces the porosity for similar geometries of steel tubes compared to a free-fall atomizer.
However, the process conditions also may influence the porosity profiles among the
deposits. To further understand the influence of process parameters on the as-sprayed
tubular deposit several investigations have been conducted. In the spray forming runs the
atomization gas pressure was changed after half of the spray forming time to vary the gas-
to-melt ratio (GMR) in a single experiment, except one run (Run-3/PA7-170, representative
deposit). The varied process parameter in this section is listed in Table 5-2. The process

parameters of spray forming runs can be found in Appendix (Table A-2) in details.

Table 5-2 Key process parameters varied in section 5.2.
: Substrate Substrate Gas temperature  Gas pressure
Atomizer i ness [mmi velocity [mm/s] [°C] [MPa] GMR
CCA 5 2-3 20 (RT) 0.8-1.2 1.1-1.9
5.2.1 Microstructure and porosity analysis
5.21.1 Microstructure

The microstructure and the grain size of the as-sprayed material depict the information
about the cooling condition. Figure 4-6 show the ring segments of the representative tubular
deposit from deposit start position. The ring segment was taken at 20 mm distance from the
deposit starting edge (close to the position of Thermocouple T1 (see Figure 4-2). For further
microstructure analysis the ring segment has been divided into three areas in deposit
thickness direction (Figure 4-6). All the deposits show equiaxed pearlitic microstructure with
fine carbides at the primary grain boundaries as mentioned in the previous section (5.1).
The average grain sizes for different spray forming conditions (GMR of 1.1 — 1.9) are listed
in Table 5-3. The average grain size in the deposit center (P2) is larger than at the deposit
surface region (P1) and in the vicinity of the substrate areas (P3), due to different cooling
conditions and solidification rates. The average grain size in the outer surface region and
in the vicinity of the substrate region are about 64 ym and 60 um, respectively (Figure 5-3).

The average grain size in the deposit center is about 81 um. A difference in interlamellar
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perlite spacing is also observed close to the substrate region and at the deposit surface,

which depicts the variation of cooling and solidification conditions in the different region in

deposit thickness direction (Figure 5-3).

Table 5-3 Grain size at different spray forming condition in spray-formed tubular AISI 52100 deposits.
EXP?I';;';‘e"t MR Avg. gra[i: rz]ize at P1 | Avg. gra[i: r:]ize at P2 | Avg. gra[i: r:]ize at P3
(Outer surface) (Deposit center) | (Vicinity of substrate)
Run 2 (PA7-169)| 1.1 74.8 101.4 70.9
Run 2 (PA7-169)| 1.3 61.9 66.9 42
Run 3 (PA7-170)| 1.6 63.8 81.4 60.1
Run 4 (PA7-173)| 1.3 60.1 79.5 64.3
Run 4 (PA7-173)| 1.9 52.1 62.8 -7
Run 5 (PA7-174)| 1.2 84.3 81.4 54.2
Run 5 (PA7-174)| 1.5 72.3 54 -7

"Grain size cannot be measured due to high amount of porosity.

5.2.1.2 Porosity

Porosity in spray formed materials is one of the main drawbacks of the spray forming
process. The spray forming technique can be used to generate thick layers of coating on
rods and tubes if the porosity can be minimized. In industrial practice the thermal spraying
process is used for various protective coatings in layers smaller than 1 mm [BERG15]. In
thermal spraying a concentrated heat source is used to melt the feedstock materials
(powder, wire, rods) and the resulting molten droplets are ejected with high kinetic energies
to the surface of the substrate [VUOR14]. Similar to thermal spraying, the spray forming
process also allows for the deposition of molten droplets onto a substrate. The ability to
coat a substrate surface utilizing the melted feedstock materials directly is a major
advantage of the spray forming process [HUSS20a]. The production rates in the spray
forming process are much higher compared to thermal spray techniques. Therefore, the

porosity of the as-sprayed deposits is studied in detail.
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