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Abstract

Wire and Arc based Additive Manufacturing (WAAM) processes are novel technologies that
are seen as promising candidates for fabricating complex 3-Dimensional large scale compo-
nents. These processes offer avenues to locally tailor metallurgy of the melt pool and thus
produce functionally and compositionally graded components for improved performance in ex-
treme conditions. This thesis explores in-situ alloying of commercial Manganese Aluminium
Bronze (MAB) with copper rich Cu3Si filler wire during deposition, as a microstructure con-
trol strategy for designing components that are resistant against selective phase corrosion.

Evolution of microstructure during WAAM processing of MAB and during in-situ alloying
with Cu3Si wire is investigated using optical and electron microscopy, x-ray diffraction and
fluorescence. The microstructure of the as-deposited MAB bead is observed to change from
continuous connected dual phase to cellular single phase upon controlled addition of Cu3Si
in a MAB melt pool. Corrosion tests showed reduced severity of surface attack and an
improvement in the rate of corrosion by 3 times for the new alloy. Thus this technique can
be used in industries to improve corrosion resistance as an energy efficient alternative of
conventional high temperature aging treatments.

Additionally, the possibilities of improving mechanical behaviour of the new alloy (cellular
single phase) are explored using the principles of grain refinement in the context of WAAM.
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Chapter 1

Introduction

Development of most modern technologies is intimately related with the availability of suitable
materials. As a result, advancements in materials development are often the foreruners to the
technologial progress of the society [1]. Materials research aims to explore the relationships
between material, processing techniques and the resulting properties for an application. The
knowledge gaps within these domains are bridged via the means of microstructure. In recent
years, metal additive manufacturing is gaining importance as a viable alternative for con-
ventional processing techniques like casting, milling and forging. This opens up new avenues
to explore - microstructure-property relationships associated with this processing technique.
However, current research of Metal AM involves only a few commercial (TiAl6V4, SS316L)
alloys, other alloys are largely unexplored [2, 3, 4]. Various roadmaps indicate that materials
development is a key challenge that needs to be addressed to realize full potential of these
AM technologies [5, 6].

Aerospace industry is utilizing the potential of additive manufacturing (wire and arc based)
to fabricate large scale components [7]. Ship building industry to can greatly benefit from the
development in additive manufacturing. The current work is aimed at fabricating (potentially
repairing and reconstructing) marine propellers for container vessels. For this application, it
is of utmost importance that the propeller has both high strength and high resistance to cor-
rosion in marine environment. Processing of Manganese Aluminium Bronze (MAB), a copper
alloy with excellent sea water corrosion resistance, using Wire and Arc Additive Manufac-
turing (WAAM) is explored in this work. To achieve this, a comprehensive understanding of
all the components, the material - aluminium bronzes, the processing -WAAM and the phe-
nomenon of corrosion in marine environment is essential towards an informed WAAM based
alloy development. These aspects are individually discussed in sections below.

1-1 Wire and Arc Additive Manufacturing

WAAM is a novel technique of fabricating large structural components layer by layer. A
WAAM setup consists of a conventional welding setup as a heat source, a wire feeder and
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2 Introduction

a robotic arm to guide deposition schematically shown in Figure 1 (a). The material is
deposited only at desired location to achieve a near net shape. This results in reduced
material wastage as it is fundamentally different from conventional subtractive manufacturing
where material is removed from undesirable places. Additionally, more complex geometries
and customized components, for example hollow propeller blades, can be fabricated using
additive manufacturing [4, 5].

(a) (b)

Figure 1: (a) Schematic of wire and arc additive manufacturing [5] (b) A WAAM processed
propeller at RAMLAB[8].

Conventional propellers are manufactured using casting methods which leads to thick sections
of coarse microstructures and hence inferior mechanical properties. Strength of the structure
is further reduced due presence of casting defects like porosity [9, 10]. Additionally, lead
production timings for such a cast propellers are often in the range of a few months. Thus
WAAM is a feasible alternative since it results in fine microstructure, defect free builds and
lead times of a few weeks [11]. A WAAM processed propeller at RAMLAB, Rotterdam is
shown in Figure 1 (b). Hence, there is an impetus to explore the metallurgical aspects of
WAAM processing of MAB.

1-2 Material

Alloys of copper and aluminium, known as aluminium bronzes are an important and widely-
used class of engineering materials. These metallurgical systems along with various alloying
additions like Fe, Ni, Mn and Si offer a diverse range of properties and thus are fit to serve
in diverse environments. One such important alloy system, known as manganese aluminium
bronze (MAB) is characterized by a composition consisting of typically 11% - 13% Mn, 6% -
8% aluminium, upto 3% nickel and iron each.

MAB has a complex multiphase microstructure comprising of an equilibrium FCC α, a high
temperature BCC β and intermetallic precipitates κ. By virtue of its microstructure, Al
bronzes offer a combination of properties like high strength, ductility, wear-resistance, resis-
tance to biofouling and other forms of corrosion like pitting and erosion [12].

Due to these properties, MABs are used in aerospace, marine and offshore industry. For
example, in aerospace industry their main application is in landing gear bearings. Properties
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1-3 Corrosion Behaviour 3

(a) (b)

Figure 2: Applications of aluminium bronzes (a) ship propeller (b) offshore pipeline [12]

like bearing resistance against steels, high strength, wear resistance and corrosion resistance
against de-icing salts makes MAB an ideal alloy system for the application. Most importantly
due to its excellent sea water corrosion resistance and resistance to cavitation corrosion, it
is used extensively in marine environments for applications like fabrication of propellers for
commercial vessels and cruisers. Hence, in the current work, emphasis has been laid on the
corrosion resistance of the alloy [13].

1-3 Corrosion Behaviour

Propellers are subjected to harsh corrosive marine environments which contain corrosive com-
ponents like 3% NaCl which acts as electrolyte to enhance electrochemical reaction, dissolved
oxygen which if unevenly distributed, results in electrochemical reactions and biofouling i.e.
sedimentation of organisms and debris (shown in Figure 3).

Figure 3: Susceptibility to biofouling of various alloys. No.1-10, 24-26 are copper alloys, 11-14
nickel, 22-23 Titanium and rest are steels. Copper alloys show lowest susceptibility. [12]
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4 Introduction

Depending upon the application, components can be prone to various forms of corrosion like
crevice corrosion and pitting in pump fittings, erosion corrosion due to liquid flow and selective
phase corrosion in steady sea water [12]. While ferrous alloys are found to be unsuitable in
such corrosive environments, aluminium bronzes offer excellent corrosion resistance along with
a strength equivalent to some of the low alloy steels. In this work, selective phase corrosion
of MAB has been identified as a key concern due to its complex multi-phase microstructure
and thus microstructure is designed for improved resistance against selective phase corrosion.

1-4 Outline

This report primarily explores strategies for microstructure control during wire and arc ad-
ditive manufacturing. The emphasis lies on alloy design and microstructure development for
improved selective phase corrosion resistance of WAAM processed MAB alloy.

Chapter 2 discusses the existing knowledge on the microstructure of the material, corrosion
behaviour of alloy in seawater and metallurgical aspects of WAAM. Additionally, previous
works on microstructure control strategies in relevant domains of WAAM processing and
corrosion resistance are discussed. Based on them, the scope of the problem and methodology
is then described.

Evolution of microstructure during WAAM is discussed in detail in Chapter 3 . Influence of
process parameters and layerwise deposition are investigated. In Chapter 4, in-situ alloying
during deposition has been implemented to fabricate compositionally graded deposits. A
new alloy is developed with emphasis on improving corrosion resistance. Its microstructure
and non-equilibrium solidification behaviour is investigated. Subsequently in Chapter 5, the
corrosion behaviour of WAAM processed MAB and the newly developed alloy is investigated.

Chapter 6, an exploration, discusses preliminary attempts aimed towards enhancing mechan-
ical properties of additively manufactured α Al-bronze. Concepts of grain refinement are
explored in the context of WAAM processing. Finally Chapter 7 summarises the conclusions
are drawn from the work and recommends directions for future research.
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Chapter 2

Literature Review

The following chapter aims to present the background knowledge associated with microstruc-
ture control during Wire and Arc Additive Manufacturing (WAAM) of Manganese Aluminium
Bronze (MAB) for improved corrosion resistance.

MAB has a complex multiphase microstructure due to the presence of multiple alloying el-
ements (Al,Mn,Fe and Ni). The development of microstructure, including the role of the
mentioned alloying elements, equilibrium solidification microstructure and nature of stable
phases are discussed in a greater detail later in section 2-1.

A peculiar property which offers immense functionality to this alloy is its excellent resistance
to seawater corrosion. The corrosion behaviour of the alloy including its susceptibility to
various forms of corrosion and mechanism of corrosion is discussed in section 2-2 This is done
with a focus on the applications of MAB in marine environment as a propeller. Furthermore
2-2, it also discusses the existing approaches towards tailoring microstructure for improved
corrosion resistance of these alloys.

Subsequently, metallurgical aspects of wire and arc additive manufacturing is discussed in
section 2-3 with an emphasis on nonequilibrium solidification. Recent works aimed at mi-
crostructure control during processing are also discussed. Lastly, in section 2-4, based on the
literature review, research methodology is presented.

2-1 Microstructure

In MAB, various alloying elements serve different purpose. Aluminium content ranges from
7-9% and is the main strengthening element. Mangansese improves castability and weldabil-
ity along with improving strength. 6% manganese provides strengthening equivalent to 1%
aluminium. Nickel upto 3% in conjunction with iron (also 3%) improves corrosion resistance
and mechanical strength. Since iron has low solubility in copper, it helps in grain refinement
and increases toughness [13].
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It has been reported that the microstructure of MAB comprises of a FCC based Cu rich solid
solution called α, a high temperature BCC β phase and some strengthening intermetallic
precipitates collectively denoted as the κ phases. Figure 4 depicts Cu-Al binary phase diagram
and a section of Cu-Al equilibrium diagram with 12% Mn, 8% Al, 2.8% Fe and 2% Ni [13].
In Figure 4 (b), the alloying elements, Fe and Ni, introduce an intermetallic phases known as
κ. In addition to that, the detrimental hard phase γ can be avoided at greater concentrations
of aluminium. In the section below, the phases and intermetallics are discussed in detail by
the means of a sequence of phase transformations during slow solidification.

(a) (b)

Figure 4: (a) Equilibrium binary diagram of Cu- Al system (b) A section of Cu-Al binary
diagram with 12% Mn, 8%Al, 2.8% Fe and 2% Ni [13]

2-1-1 Phase Transformations

Iqbal et al. investigated the development of microstructure of CuMn11Al8Fe3Ni3 alloy at
elevated temperature [14]. Alloy specimens were heated to 880 ◦C, followed by cooling at
5 ◦C/min. Specimens were subsequently quenched at different temperatures to gain insights
into stability of phases -

• After quenching from 880 ◦C, the microstructure consists of β phase with undissolved
particles. The same particles were also observed at 950 ◦C close to liquidus. Fig 5 (a)

• After quenching from 825 ◦C,it was observed that α phase grew at the grain boundaries
of β grains and around existing dendritic particles. Fig 5 (b)

• At 775 ◦C, dendritic precipitates emerged in β phase. Fig 5 (c)

• After quenching from 730 ◦C, the above mentioned precipitates were enveloped in grow-
ing α. New precipitates were observed at α/β interface. Fig 5 (d) and (e)
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• After quenching from 670 ◦C , α grows further, enveloping the newly formed precipi-
tates. Even more precipitates grow at the displaced phase boundaries. Cuboid particles
precipitate within α grains. Fig 5 (f)

• After quenching from 500 ◦C , microstructure Fig 5 (g) looks like the as cast Fig 5 (h)

Figure 5: Microstructure of manganese aluminium bronze quenched at different elevated tem-
peratures from 880 ◦C [14].

The as-cast microstructure consists of a light-etched α phase, a dark-etched β phase, large
dendrites, small dendrites, globular and cuboidal precipitates. The schematic diagram Figure
6 below shows series of phase transformation and an as-cast microstructure.
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(a)
(b)

Figure 6: Schematic representation of (a) solidification phase transformation (b) as cast mi-
crostructure [15]

2-1-2 Nature of Phases

The phases present in the microstructure are discussed below -

• The α phase - A copper rich stable solid solution with FCC structure. α phase contains
certain amount of dissolved Ni and Mn along with Fe rich κ precipitates. α phase is
primarily responsible for the ductility of the alloy whereas the other phases provide the
strengthening

• The β phase - It is a high temperature intermediate phase that has a body centered
cubic structure and is a solid solution with dissolved Fe, Ni, Al and Mn. In general it
has a higher concentration of aluminium than the average Al alloy composition.

• κ 1 are large dendritic Fe and Mn rich precipitates found in the middle of α grains. It
is suggested that they from within the melt

• κ 2 are smaller dendritic precipitates rich in Fe, Mn and Al. They form in β phase and
are then engulfed by α

• κ 3 are globular precipitates that form in α near the α-β interface. They are rich in Fe,
Mn, Cu and Al with an bcc structure based on

• κ 4 are cuboidal precipitates peppered within the α grains. Composition is similar to
κ 3 based on γ(Fe).

The microstructure discussed above corresponds to an as-cast near equilibrium microstructure
[13]. The evolution of microstructure under non-equilibrium solidification condition during
WAAM processing is discussed in Chapter 3.
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2-2 Corrosion Resistance

With its complex microstructure and presence of alloying elements, manganese aluminium
bronze offers high strength and resistance to corrosion. Thus it is widely used for marine
applications under corrosive environments and extreme mechanical loading.

In order to have a good corrosion resistance various factors like presence of a protective
coating, absence of corrodible phases or discontinuous corrodible phases. The alloy derives
its corrosion resistance from a thin adherent copper/aluminium rich oxide layer Cu2O and
Al2O3. Due to the presence of Al2O3, the protective film has high hardness and hence is
resistant to erosion corrosion too [13]. In this section, the material behaviour under attack
of various forms of corrosion is briefly discussed. Later, the mechanism of corrosion and
corrosion prevention is discussed in detail.

2-2-1 Forms of corrosion

Pitting: It generally occurs due to localised damage to the oxide or presence of defects on
the surface as it results in differential aeration of the surface. Defects like slag inclusions,
porosity or oxide inclusions are a common site for initiation of pitting [12].

Crevice corrosion: Crevice is an area where two surfaces are in close contact but there
is a thin layer of corrosive medium between them. Such assemblies are common in pipeline
joints under the sea. Such a thin layer is void of oxygen and the differential aeration leads
to crevice corrosion due to complex electrochemical reactions which will be discussed later.
Such a corrosion can be avoided by heat treatment by allowing the oxide layer to form under
control[13].

Biofouling: It is a form of macro corrosion which can have a major impact on sea water
structures as it obstructs water flow and adds weight. MAB and other Cu alloys are observed
to have high resistance to biofouling. Figure 3 shows results of biofouling experiments on
structural alloys. Steels, aluminium alloys and titanium alloys show extensive biofouling
whereas copper alloys are resistant to biofouling [12].

Selective Phase Corrosion: Due to complex multi-phase microstructure of as-cast alloy,
there is presence of more noble and less noble phases adjacent to each other in the microstruc-
ture. In this case, the less noble phase selectively corrodes. In manganese aluminium bronzes,
the Al-rich β phase and the Fe rich κ phases are highly corrodible. Figure 7 shows selective
attack at the κ1 precipitate and α-β phase boundaries when as-cast MAB was immersed in
3.5% NaCl [16].

The section below discusses the mechanisms of electrochemical corrosion with an emphasis
on selective phase corrosion.

2-2-2 Mechanism of corrosion

Corrosion in metal takes place when a positively charged ion leaves the surface and enters
the corrosive medium. The rate of corrosion depends on the inherent tendency of the metal
relative to that specific medium and is called its electrical potential in that medium.
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Figure 7: Selective phase attack on as-cast MAB surface in 3.5%NaCl solution (a) 30s b) 2.5
min (c) 30min and (d) 90 min. κ 1 and β phase have preferentially corroded [16].

Most alloys see a range of these potentials in seawater depending on water temperature,
turbulence, aeration, pH and presence of other ions. Presence of a hard and noble oxide film
over the metal prevents or significantly reduces the rate of discharge of these ions from the
surface of metals. However, due to processes like erosion, the film may get damaged, leaving
localised areas prone to corrosions, thus resulting in pitting.

A single metal is less prone to corrosion as opposed to two dissimilar metals that are in
electrical contact. This arrangement is called a galvanic couple and the corrosion is called
galvanic corrosion. Based on the surrounding medium, the more electropositive metal is
cathodic and the more electronegative metal is anodic. An electrolytic cell is formed where
ions move through the medium and electrons through the metals [13].

In case of MAB or alloys in general, they solidify in complex microstructures consisting of
different phases. These phases vary in compositions and crystal structure with respect to each
other. Hence these phases have different electrochemical potential in a corrosive medium. This
difference can be as large as 100 mV in case of α and γ phases [17].

In case of aluminium bronzes, Al-rich phase acts as anodic and gets into the solution. Al-
ternatively, the cathodic copper ions redeposit on the corroded anodic phase. The newly
deposited copper is porous and appearance seems discoloured. Other alloying elements also
undergo selective phase corrosion and hence a generic de-alloying is observed. The rate of
corrosion depends on the relative areas of cathodic and anodic phases. Hence a continuous
deep rooted network of anodic phases like γ or β can lead to corrosive attacks deep within
the bulk of the component.
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Hence for good corrosion resistance against selective phase corrosion in static seawater, the
anodic phases (β phase in MAB) need to be avoided. This can be achieved by controlling
the cooling rate or by changing the composition. Furthermore, it should be ensured that the
unavoidable phases like κ1 do not form a detrimental continuous network [13]. This can be
done by heat treatments or mechanical working. In the following section, various existing
microstructure control strategies to improve corrosion resistance are presented.

2-2-3 Microstructure control

As discussed in the sections above, in order to improve corrosion resistance, it is important to
tailor the microstructure. Nickel Aluminium Bronze (NAB), a similar alloy to MAB with Fe
and Ni 5% and Mn 1.5% has been extensively studied. The following section elaborates upon
various microstructure control strategies that can be found in the existing literature for NAB.
Due to similarities in microstructure, parallels can be directly drawn for MAB. The techniques
primarily revolve around avoiding corrodible phases (β) or avoiding the presence of cathodic
and anodic phases adjacent to each other. Additionally, in some cases the microstructure is
modified to avoid continuous distribution of unavoidable corrodible phase (κ3) (Not present
in MAB).

Heat Treatment : It is the commonly-used industrial practice to improve corrosion resis-
tance. Since the detrimental β phase is a high temperature phase which is retained as a
consequence of fast cooling, the components are annealed at an elevated temperature within
the range of 500 ◦C-750 ◦C for 6hrs. During this heat treatment, the β phase decomposes into
α + κ phases and the κ3 precipitates also undergo coarsening. The lamellar κ3 precipitates
spehroidise and as a result, the continuous network along the grain boundaries breaks [12].
The recrystallization temperature of nickel aluminium bronze is about 675 ◦C. Annealing at a
lower range of temperatures, namely from 500 ◦C-600 ◦C leads to enhancement of mechanical
properties by precipitation of κ 4 phase. In the high temperature annealing range of about
700 ◦C the ductility of the alloy improves at the expense of its strength. Figure 8 below shows
annealed microstructure devoid of β phase consisting of globular κ3 precipitates [12].

Figure 8: Heat treated NAB microstructure. Arrows show globular κ3 precipitates [12]
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Friction Stir Processing: It is a surface microstructure modification technique derived from
friction stir welding. A cylindrical wear resistant tool consisting of a small-diameter pin con-
centric with a large shoulder is inserted in the surface of material, rotated and made to hover
over the surface. As a result, under mechanical stress and frictional loading, the material
around the pin gets heated up and locally displaced. This significantly softens the material
at elevated temperatures and improves the rate of phase transformations by orders of mag-
nitudes. Oh-ishi et al(2004) investigated the microstructural modification during FSP and
reported homogenization, grain refinement, closure of porosity and improvement in mechani-
cal properties near the surface. A schematic diagram in Figure 6 shows friction stir processing
and the corresponding micrograph with respect to surrounding as cast microstructure [18].

(a) (b)

Figure 9: (a) Schematic of Friction Stir Processing (b) Optical micrograph of FSP modified
microstructure [18]

Solid Solution Coating: Luo et al.[19] electrodeposited a nano-crystalline Ni layer on NAB
alloy. An outer Ni-Cu layer and an inner Cu-Ni-Al intermetallic layer was obtained using
intrinsic property of triple diffusion of the system. This resulted in a gradual drop of volta
potential along the thickness of Ni-Cu layer thereby reducing the driving force for selective
phase corrosion. Improvement in corrosion resistance was also attributed to a protective film
of Ni(OH)2 and Cu2O. Schematic elemental distribution can be seen in Figure 10.

Figure 10: Cross section line scan and atomic sketch of Ni coating on NAB surface annealed
for different times (a) 0.5 hrs (b) 6 hrs and (c) 12 hrs [19]
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Laser Surface Melting: Tang et al. modified the microstructure of the surface material to
improve its resistance against cavitation and erosion corrosion. The rate of cavitation erosion
corrosion was reduced by 5 times. Using a Nd:YAG laser, the surface layer was heated until
local remelting. This localised heating resulted in high cooling rates. The heterogeneous
multi-phase solidification microstructure melted and resolidified as single phase β. Since β
has higher hardness, the erosion corrosion resistance increased greatly. Moreover, single phase
surface is resistant to selective phase corrosion [16].

(a) (b)

Figure 11: Micrographs of (a) cast microstructure (optical) and (b) laser remelted microstruc-
ture(SEM) [16]

A common link between all the approaches was observed. It is concluded that a homoge-
neous single phase microstructure is desirable for improved resistance against selective phase
corrosion. The section below discusses WAAM process with emphasis on its metallurgical
aspects.

2-3 Wire and Arc Additive Manufacturing

2-3-1 Process

Wire and Arc Additive Manufacturing (WAAM) is a novel processing technique from the
emerging field of Additive Manufacturing (AM). An AM process is characterized by its heat
source, raw material and a motion system. In WAAM, the heat source is an electric arc,
raw material is a welding filler wire and a robotic arm controls the guides the deposition
process. WAAM is suitable for high deposition rate, large components and near net shaped
components [4].

From a metallurgical point of view, during WAAM a single layer of metal is deposited on a
previous layer. This layer undergoes a non-equilibrium solidification phase transformation.
The layers beneath undergo complex thermal cycles of remelting and reheating. This results
in a series of liquid and solid state phase transformations. Figure 12 shows thermal profile of
a single deposit during WAAM processing of TiAl6V4 [3]. Seven distinct peaks correspond to
seven layer depositions. Peak heights decrease as the depositions occur at increasing distance
from the layer. The base temperature rises as the heat gets trapped in the built component.
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Figure 12: Notional Thermal Profile of WAAM processing of TiAl6V4 [3]

The progressive peak temperatures and cooling rates are dependent on process parameters
and material properties while phase transformations depend on the alloy system.

The following report primarily explores strategies of microstructure control during WAAM.
The emphasis lies on alloy design and microstructure development for WAAM processed MAB
alloy for improved selective phase corrosion resistance.

2-3-2 Microstrucutre

Local alloy chemical composition and the temperature cycles experienced by the material
define the metallurgy of WAAM. The final room temperature microstructure results from
rapid directional solidification and subsequent phase transformations from thermal cycling.
As a result, metastable phases, columnar morphology and banded microstructure are some
common traits of WAAM processed metals [5]. In WAAM, conduction through the substrate
and build material is the primary mode of heat transfer. Additionally, convection through
shielding gas also offers cooling. Cooling rates of the order of 103 ◦C/s have been reported for
WAAM [11]. The primary solidification microstructure is characterized by epitaxial growth
perpendicular to the solid/liquid interface, the direction along maximum thermal gradient.
Preferred orientation of growth is also observed for example along <100> direction for cubic
metals. During deposition, the solidification front moves with a uniform speed. In doing so,
solid expels solute atoms (depending on solubility) into the liquid near the interface. This
results in a solute rich liquid, which has a lower liquidus temperature TL , ahead of the
solidification front. Interplay of temperature gradient and this reduction in TL results in the
phenomenon of constitutional supercooling, shown schematically in Figure 13 [20].

Different substructures can be formed in the primary grain structure depending upon com-
position and rate of solidification as shown in Figure 14. Solidification parameter, given by
G/R where G is thermal gradient and R is speed of solidification front, expresses the rate of
solidification. Based on this parameter, substructures can take flat, cellular, cellular dendritic
or dendritic morphology [20]. From the process’ perspective, heat input and torch velocity
determine G and R and hence the primary solidification microstructure. In AM, solidification
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Figure 13: A schematic of constitutional supercooling [20]

process parameter window can be estimated and used to predict the nature of grain structure
(columnar -equiaxed) [21, 22]

Figure 14: Morphology of primary grains structure based on solidification parameters [23]

Further, the secondary microstructure results from solid state phase transformations. Dur-
ing AM, the material undergoes thermal cycles (Figure 12) resulting in a banded tertiary
microstructure [5].
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2-3-3 Microstructure Contol

Additive Manufacturing offers the possibilities of localized microstructure control by altering
the metallurgy of melt pool. In recent years, various microstructure control possibilities have
been explored to control macroscopic and microscopic features of AM components aimed
towards enhancing their performance [24].

Macro-level properties of interest include porosity, residual stresses and texture. In case of
powder bed fusion processes, removing porosity within the components is a key challenge.
Some of the approaches to solve this revolve around determining a process parameter window
(based on energy density, a function of laser power, scanning strategy and powder charac-
teristics) such that both, lack of fusion and volatization of constituents can be avoided [25].
Due to thermal cycling during layer deposition and corresponding expansion and contrac-
tion during AM processes, residual stresses can be present within the components. Authors
propose strategies based on modifying heat source trajectories during deposition to minimize
the residual stresses [26]. Due to the directional nature of solidification, a strong texture has
been reported for AM deposits [27]. An equiaxed (non-textured) as opposed to a columnar
(textured) microstructure can be achieved by manipulating solidification parameters, thermal
gradient and rate of solidification (depends on heat input and deposition velocity) [28].

In the current work, however, microstructure control strategies for micro-level features are
explored. Existing literature on grain size, morphology and phases is discussed below. Re-
searchers have explored possibility of using parametric process control (to manipulate G and
R) and compositional changes to control the phenomenon of solidification.

Thijs et al. [25] deposited subsequent layers in an alternate direction thereby achieving
temperature gradient induced grain morphology. Since columnar grain growth takes place
along the direction of thermal gradient, reversing the direction results in reversing the angle
of columnar grain growth. The schematic and resulting microstructure of this approach is
shown in Figure 15.

Figure 15: (a)Schematic of Zig-zag molten pool motion on successive layers and
(b)corresponding microstructure [24]
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Mode of solidification, as shown in Figure 14. can be modified in various ways. The rela-
tionship between temperature gradient and grain morphology for a fixed solidification rate is
evident from Figure 14. Kobryn and Semiatin studied evolution of grain structures for differ-
ent processing approaches for TiAl6V4 [29]. Different morphologies (columnar and equiaxed
were obtained using different processing routes as shown in Figure 16 (a). In two separate
investigations, additive manufacturing of TNZT. nominally Ti-35Nb-7Zr-5Ta with and with-
out 2% wt Boron showed columnar (strong texture) and equiaxed morphologies respectively.
Presence of boride inoculants and increase in solidification range of the alloy was suggested
as the reason for it. EBSD maps of the alloys can be seen in Figure 16 (b) [30, 31]

During AM, the large undercooling that governs morphology of primary grains, also impacts
the volume fraction, sizes and distribution of phases formed from non-equilibrium solid state
phase transformations. Rapid cooling and thermal cycling can produce metastable phases
which are conventionally difficult to achieve [24]. For example, Ma et al. performed in-situ
alloying of Ti and Al wire to form titanium Aluminide components [32].

(a)

(b)

Figure 16: (a) Soldification map of grain morphology for different processing routes of TiAl6V4
(b) EBSD maps showing grain refinement in TNZT by trace boron addition [24].

Hence, process control and compositional manipulation can be utilized for microstructure
control aimed at tailoring grain size, morphology and phase distribution during WAAM pro-
cessing of alloys.
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2-4 Conclusions

The key take-aways from the literature review are enlisted below -

• Manganese aluminium bronze has a complex multiphase microstructure consisting of a
FCC α phase, a BCC β phase and intermetallic κ phases.

• MAB is used to fabricate propellers due to their corrosion resistance in marine environ-
ment. However, presence of continuous corrodible phases (β phase) in its microstructure
renders it susceptible to selective phase corrosion in steady sea water.

• Microstructure control surface treatments aimed at obtaining homogeneous single phase
fine microstructure have shown improvement in corrosion resistance.

• During the WAAM process, a material experiences complex cycles of solidification and
solid state phase transformations. This results a microstructure characterized by direc-
tional solidification, metastable phases and cyclic tempering.

• Manipulating process parameters and local composition can help tailor microstructure
for desirable grain morphology and phase distribution.

Based on the concepts from literature review, evolution of microstructure during WAAM is
investigated in the following chapter. Subsequently, in-situ alloying, a microstructure con-
trol strategy is explored with an objective to obtain a single phase microstructure. Finally,
corrosion behaviour of WAAM processed and in-situ alloyed material is evaluated.
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Chapter 3

Parametric Analysis

3-1 Introduction

Manganese aluminium bronze (MAB) is used in propellers for marine applications due to
its high strength and excellent sea water corrosion resistance. It has a complex multi-phase
as-cast microstructure consisting of FCC α phase, high temperature BCC β phase and κ
intermetallics (section 2-1). Conventionally, casting is used to fabricate these components. It
is time consuming and often results in poor mechanical strength due to coarse microstructure
and defects like porosity [11]. Wire and Arc Additive Manufacturing (WAAM), a novel
processing technique can be used to fabricate large scale defect free components with a fine
grained microstructure (section 2-3).

The following chapter discusses evolution of microstructure of MAB during WAAM process-
ing. Firstly, the influence of process parameters (heat input, governed by operating current)
on the as-deposited microstructure is investigated. Subsequently, evolution of microstructure
as a consequence of cyclic re-melting and reheating during layer-wise WAAM is discussed.

3-2 Experimental Apparatus

To study wire and arc based additive manufacturing (WAAM) of manganese aluminium
bronze (MAB), MAB filler wire of 1mm diameter (SG CuMn13Al7, supplied by Certilas, NL)
was deposited on a nickel aluminium bronze (NAB) substrates, 13 mm x 100 mm x 30 mm
in dimension. To determine to composition of both the filler wire and the base plate, X-Ray
Fluorescence (XRF) measurements were performed on specimens using Panalytical Axios Max
WD-XRF spectrometer. The data hence obtained was analysed using SuperQ5.0i/Omnian
software. The composition thus obtained has been tabulated in Table 1.

For deposition of the material, Gas Tungsten Arc Welding (GTAW or Tungstun Inert Gas,
TIG) process was selected. As opposed to Gas Metal Arc Welding (GMAW or Metal Inert Gas,
MIG) setup where the heat input is coupled with rate of mass deposition, TIG welding process
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Table 1: Composition of MAB wire and NAB substrate determined by XRF analysis (wt %)

Material Cu Al Ni Fe Mn Zn Si Others
MAB 73.7 6.68 2.40 2.65 11.1 2,97 0.26 0.08

MAB dev 0.5 0.09 0.09 0.08 0.2 0.1 0.02 0.02
NAB 79.7 9.08 4.9 4.82 1.18 0.07 0.09 0.06

NAB dev 0.4 0.09 0.1 0.08 0.04 0.01 0.01 0.02

offers an additional flexibility where both these parameters can be controlled independently.
Migatronic TIG commander 400 welding setup was used during all the experiments. The
welding torch is attached to a CNC platform and is capable of motion along X, Y and Z
direction. DMC terminal software is used to plan and define the trajectory of the torch. An
arc is established between a nonconsumable tungsten electrode (2.4 mm diameter, 98.34% W,
1.5% La, 0.08% ZrO2, 0.08% Y3O2 , E3 purple) and the base material using a high frequency
high voltage pulse. The power source is operated in constant current condition as it ensures
a stable arc and hence a reproducible GTAW process [33]. Once a stable arc of arc length
2.5 mm is formed, in the local shielding environment of Argon gas (130 bar, 13 l/min), the
filler wire (1 mm diameter) is fed into the arc and melt pool along the base plate. Hence the
filler material is deposited on the 13 mm x 100 mm surface of the base plate in the form of a
weld bead. This surface was chosen to ensure low deformation of the base plate as a result
of warping due to welding. In an automated GTAW process, the rate of material deposition
can be controlled via two parameters namely wire feed rate and travel speed of the torch. A
schematic diagram of the GTAW setup and deposition process is shown in Figure 17.

Figure 17: Material deposition using GTAW (a) schematic of TIG welding [34] (b) schematic
of the deposition process and(c) torch mounted on CNC stage along with wire feeder
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3-3 Experiments

To study the influence of processing parameters on the evolution of microstructure during
WAAM, single weld beads of MAB were deposited on top of NAB base plates as described
in the previous section. Prior to deposition, the substrate was ground using 180GSM grit
paper to remove oxides and was subsequently washed with ethanol. The base plates were not
pre-heated before the deposition was carried out. The process parameters are tabulated in
Table 2. The rate of material deposition was kept constant and the amount of heat input was
varied using different welding currents. Material deposition rate was 0.75 kg/hr.

Table 2: GTAW process parameters for the parametric analysis experiments

S. No Current (Amp) Travel Speed (mm/s) Feed Rate (mm/s)
1 100 3 36
2 125 3 36
3 150 3 36

Metallographic samples of cross-sectional surfaces of the NAB base plate, MAB filler wire
and the deposited beads were prepared using standard procedure and were etched using a
mixture of FeCl3, HCl and H2O (5:25:70). Keyence digital microscope was used to observe
the macrostructure and microstructure. An in-built image processing software was used to
quantify phase area fractions of different phases in optical micrographs. The microstructure
was further examined using JSM IT-100 scanning electron microscope (SEM) equipped with
tungsten hairpin filament as electron source, Everhart-Thornley secondary electron detector
and Silicon drift energy dispersive spectroscopy (EDS) detector. Bruker D8 advance diffrac-
tometer with Co Kα (1.789Å) was used to identify phase constituents. X-ray Diffraction scans
are performed from 2θ = 25◦ - 130◦ with a step size of 0.035◦ and the data was evaluated
using Bruker software Diffrac.EVA vs 4.2. The top surface of the weld bead was polished and
analyzed in this method.

To investigate the influence of WAAM related complex thermal histories on the evolution
of microstructure, a single wall of MAB was built. Six weld beads were deposited layer
wise on top of one another unidirectionally. As a result, a 10.5 mm high wall was obtained.
Process parameters for the deposition are tabulated in Table 3. k-type thermocouples were
brought in contact with the deposit and the temperature of the top surface was monitored after
deposition. The interpass temperature between subsequent deposition was kept below 200 ◦C.
Metallographic samples were prepared from the longitudinal and transverse cross-sections of
the wall for characterization of the microstructure. Series of hardness measurements were
recorded using Streurs DuraScan 70 device. A 0.5 HV (0.5kgf/mm2) load was applied using a
diamond indenter and the inter-indent spacing was defined to be 250 µm (more than 4 times
the diagonal of the indent).

Table 3: GTAW process parameters for the layer buildup analysis experiments

S. No Current (Amp) Travel Speed (mm/s) Feed Rate (mm/s)
1 125 3 36
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3-4 Results and Discussions

3-4-1 Raw Materials

Optical micrographs for the as received NAB rolled sheet and MAB filler wire can be seen
in Figure 18. Both the materials have a dual phase microstructure where the α (FCC) and
β (BCC) phases are the lighter and the darker phases respectively. Precipitate particles
(presumably Fe rich) can be observed in the MAB microstructure. However for this thesis,
the microstructure of the as-received wire is unimportant since it liquefies before deposition.

(a) (b)

Figure 18: Light optical micrographs of (a)NAB cross-section and (b) MAB cross-section

3-4-2 Parameter study

Figure 19. shows optical macrographs of the weld beads corresponding to MAB100, MAB125
and MAB150, respectively, where numbers represent current level. Clear differences can be
seen in the geometries of the cross-section with respect to the angle of contact and the amount
of intermixing between MAB deposit and the NAB base plate. In case of higher heat input
i.e. MAB150, there is significant intermixing between the filler material and base plate as
opposed to MAB100. MAB100 has a higher angle of contact as compared to MAB150. Weld
bead geometry and wetting of the base plate is a complex configuration, which is determined
by nonequilibrium conditions at the solid liquid gas interface where forces like gravity, inertia,
and surface tension play a major role along with thermal effects [35].
During the deposition process, the heat from the arc is consumed primarily for two purposes:
for liquefying the filler wire and at the same time, for heating the base plate or melting a part
of it. In case of higher heat input, a significant portion of heat goes into creating a wider and
deeper melt pool in the base plate and corresponding shapes of the beads [20]. This is also
apparent from the large heat affected zone.
The shape of the melt pool plays a role in the subsequent solidification and hence the mi-
crostructure. Solidification initiates perpendicular to the fusion line along the direction of
maximum temperature gradient. Simultaneously, since the deposition is taking place in at-
mosphere of Ar gas, there is another thermal gradient perpendicular to the outer surface of
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(a) (b) (c)

Figure 19: Macrographs of geometries of the deposit a )MAB100, (b) MAB125 and(c)
MAB150. Clear difference in the surface wetting and contact angles can be seen.

the deposit. Hence there are two competing gradients, one of which causes primary grains
to grow as columns from fusion line, another, which promotes heterogeneous nucleation of
equiaxed β grains of Fe rich primary precipitates. This is shown schematically in Figure 20.

Figure 20: A schematic of primary grain growth during AM deposition is Ar atmosphere [24].

In Figure 21. the microstructure corresponding to MAB100 and MAB150 can be seen at
various magnifications. Etching has resulted in dark and light grains where darker grains
correspond to the retained β phase and the lighter grains correspond to the α phase. Presence
of grain boundary α clearly outlines prior β grain boundaries, that were formed initially upon
solidification from the liquid phase. In Figure 21. (a) and (b) it can be seen that near
the deposit-base plate interface, columnar prior β grains are formed and further up in the
deposit, the prior β grains are equiaxed. However, in case of MAB150, the columnar grains
near the interface are suppressed and greater numbers of equiaxed grains are formed. In case
of MAB100, due to low heat input, there is a steep temperature gradient across the fusion
line. Hence, columnar grains β grains grow which are otherwise suppressed in MAB150 (a
predominantly equiaxed β grains microstructure). Based on grain boundary α, some prior
beta grain boundaries are highlighted in 21 (a) and (b). Similar results have been reported
by Wang et al. [4] for TiAl6V4.
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Figure 21: Light optical micrographs of single weld deposits. (a) MAB100 low magnification
(b) MAB150 low magnification(c) MAB100 high magnification(d) MAB150 high magnifica-
tion (e) MAB100 interface and (f) MAB150 interface. Differences in morphology of prior β
and α grains with respect to heat input can be observed
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As the temperature is lowered, β to α phase transformation takes place. In Figures 21 (c) and
(d) the optical micrographs of MAB100 and MAB150 can be seen at high magnification. As
mentioned previously, the grain boundary α can be clearly observed along the prior β grain
boundary. Acicular α grains are observed within βgrains. In addition to that, Widmanstätten
α morphology can also be seen growing towards the center of the grain from the prior β
grain boundaries. Such a morphology has been observed in the literature for solid state phase
transformations corresponding to wire and arc additive manufacturing [4, 36]. The mechanism
of nucleation and growth of Widmanstätten grains is beyond the scope of this work. However,
it can be seen that MAB100 has fine Widmanstätten and grain boundary α, while MAB150
has coarse α grains. Differences in cooling rates can potentially explain the observations.

Figures 21 (e) and (f) show the fusion zone and the heat affected zone of the NAB base
plate in case of MAB100 and MAB150, respectively. A nearly 10 µm layer consists of the
interface that has undergone remelting followed by rapid solidification. This has resulted in a
predominantly β phase zone. The adjacent β rich zone with fine α grains can be attributed as
the heat affected zone (HAZ), which was heated beyond the β-α transformation temperature.
It can also be seen that the width of the HAZ in case of MAB100 is less than 50 m whereas
for MAB150, the width of HAZ is more than 100 µm. The higher heat input in MAB150 can
explain the observations.

In order to quantify the amount of phases, proprietary image processing software from
Keyence digital microscope was used. Two different regions at same magnification for each
specimen were analysed. Figures 22 (a) and (b) show the post processed binary images. Area
fractions of the α and β phases has been tabulated in Table 4. The amount of κ phases
has been ignored in this method and hence only semi-quantitative phase fractions can be
obtained. Due to the presence of continuously connected grains along the boundaries, no
meaningful data on grain sizes and circularity of the grains can be obtained. It was observed
that there are insignificant changes in the phase fractions due to the range of heat inputs
provided, however morphologies are different.

(a) (b)

Figure 22: Post processed binary micrographs for (a) MAB100 and (b) MAB150. The red
regions correspond to α grains in the respective microstructures
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Table 4: Area fraction of α and β phases (in %) in the MAB deposits

Material,Phases α Phase (%) β Phase (%)

MAB100 55.92 44.08
52.21 47.79

MAB150 55.46 44.54
56.88 43.12

Figure 23: XRD patterns of MAB100 and MAB150 are represented in black and red respec-
tively. According to the database, standard peaks corresponding to Cu-FCC and Cu-BCC
are shown in red and blue respectively along the x-axis

XRD patterns of MAB100 and MAB150 can be seen in black and red respectively in Figure
23. Counts per second (CPS) are recorded on the y-axis against the 2 theta angles (indicative
of the d-spacing) along the x-axis. Peaks corresponding to Cu- FCC and Cu- BCC are also
indicated [11]. It is evident that both the phases are present in the materials. A comparison
of peak heights for the two phases did not reveal any coherent trend indicating that the
differences in the phase fractions in two different configurations are not significant. This
further supports the data from image processing of optical micrographs.

Scanning electron micrographs of a typical dual phase deposit can be seen in Figure 24. α, β
and κ phases have been indicated. Retained β phase is preferentially etched and hence can be
differentiated easily. Globular sub-micron precipitates can also be seen in the micrographs. To
understand the nature of these precipitates and the dominant phases, EDS elemental maps
were constructed. The color bars next to the elemental maps depict the relation between
the color and its relative presence within the corresponding map. The ranges of color bars
for different elements are unrelated to each other and hence, no quantitative data can be
gathered from these maps. This holds for all EDS elemental maps discussed in this thesis.
It can be seen that the β phase is richer primarily in aluminium and small amounts of
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manganese and nickel are also observed. Additionally, Fe rich precipitates have also been
detected in the microstructure. These results are coherent with the existing literature on the
composition of phases [15]. Point wise analysis is not an effective tool to determine the precise
composition of precipitates as the size of the interaction volume of electrons (given as xµm=
0.1 ∗ E1.5

o KeV/ρg/cm3, Potts et al [37]), 1.12 µm is larger than the size of the sub-micron
precipitates formed in the studied microstructures.

Figure 24: Scanning electron micrographs and EDS elemental maps. (a) Dual phase electron
micrograph with phases indicated (b) electron graph for EDS and spatial distribution of(c)
aluminium,(d) manganese, (e) nickel and (f) iron

3-4-3 Layer deposition study

Figure 25 shows the macrostructure of a transverse cross-section of 6 layers of MAB deposited
on top of one another. The banded macrograph has been widely reported in literature con-
cerning wire and arc additive manufacturing [4, 11]. There are 6 of these bands including
the interface between MAB and NAB, corresponding to each of the deposit. No porosity or
inclusions were observed along the cross-section. The distance between these bands is 1 mm
as opposed to 3 mm for the height of an individual deposit because each deposition involves
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remelting of a part of the previous deposit. This ensures bonding between subsequent layers.
The bands are the interfaces and heat affected zones between the consecutive layers caused by
remelting and sub melting-point reheating as suggested by Liu et al. [38]. The microstructure
in the specific cross-section can be characterized as dual phase bands with different α and β
phase fractions. Both coarse and fine α morphologies are observed.

Figure 25: Macrostructure of cross-section of 6-layer deposits on NAB base plate. Character-
istic WAAM based layer microstructure bands are observed.

Figure 26 (a) shows a low magnification representative optical micrograph consisting of the
above mentioned different bands. Based on the location of the grain boundary α, a combi-
nation of equiaxed and columnar prior β morphologies are observed. Wang et al. reported
similar observations for AM of TiAl6V4 [4]. It is suggested that, equiaxed grains in a deposit
serve as the nucleating points of columnar grains during the next deposition. Hence, columnar
to equiaxed transitions are observed in layers. Figures 26 (b),(c) and(d) shows high magni-
fication images of selected regions. Figure 26 (b) can be characterized as the as deposited
fine Widmanstätten morphology for α grains. Such a microstructure is obtained for high
cooling rates comparable to microstructure of MAB100. Figure 26 (c) consists of fine needle
like α grains originating from rapid solidification after reaching a temperature above the α-β
transformation temperature. Figure 26 (d) shows coarse α grains which can be thought of
as Heat Affected Zone (HAZ) of the next deposit. Heating below the α-β transformation
temperature due to subsequent depositions contributes to the coarsening of the α grains.
The location and formation of differing morphologies within WAAM based structures can be
attributed to complex local thermal histories that arise during processing. Computational
thermal modelling of the process can offer insights into the final microstructures.
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Figure 26: Optical micrographs of longitudinal cross-section of WAAM processed single wall
of MAB (a) Overview of multiple layers and selected regions (b) Fine Widmanstätten and
GB α,(c) re-molten zone with α needles and(d) coarse Widmanstätten and GB α
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The results of the hardness measurements can be seen in Figure 27. The Vickers hardness is
plotted along the y axis and the location of the indent is plotted along the x axis starting from
base plate to the top of the wall. Corresponding regions are also depicted in the plot. Error
bars show variations resulting from 3 different series as can be seen in the low magnification
cross-section in Figure 27 ((a). Exceptional high hardness values corresponding to indent
locations 3 and 4 are due to intermixing between filler and base plate, rapid solidification
and the presence of fine needle like α grains in the heat affected zones near the interface of
the first deposit and the base plate. The other indents along the height of the wall have a
hardness in between 220HV and 230HV. No repetitive trend in the fluctuations is observed
since the bands of different morphologies are narrow (<50 µm) as opposed to the inter-indent
spacings of 250 µm.

(a) (b)

Figure 27: Series measurement of hardness of single wall (a) Optical Micrograph and (b) plot
of vickers hardness versus the location of the indent from base plate to wall (left to right)

3-5 Conclusions

The potential of fabricating structural components using wire and arc additive manufacturing
of manganese aluminium bronze has been demonstrated. The evolution of microstructure
during WAAM processing and its dependence on process parameters has been investigated.
Further layer-wise deposition resulted in defect free single walls. The following conclusions
can be drawn-

• Non equilibrium solidification during WAAM results in a dual phase microstructure
consisting of an α, Cu- FCC and an Al, Mn and Ni rich β, Cu-BCC phase. Fe rich
precipitates are also found.

• The macrostructure for low energy input comprises of epitaxial and equiaxed prior β
grains whereas high energy input results in predominantly equiaxed prior β grains
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• The microstructure comprises of retained β, Grain Boundary α and Widmanstätten α.
High energy input results in coarse α morphologies as opposed to fine ones during low
heat inputs.

• Layer wise single wall deposition of MAB results in bands of coarse and fine dual phase
microstructure consisting of deposits, heat affected zones and interfaces

• Hardness of the deposited wall structure is 222HV ± 8.6HV which is comparable to the
conventional NAB wrought alloy

The processing parameters corresponding to 150 A offer wetting of the base plate, ensures
good bonding with previous layer and results in an equiaxed fine microstructure. These
parameters will be used for further studies in the thesis.
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Chapter 4

In-situ Alloying

4-1 Introduction

Aluminium bronzes and particularly manganese and nickel aluminium bronzes are extensively
used in marine environments for applications such as propellers, pipelines and valves[1]. This
is because they offer good mechanical and excellent resistance to corrosion in seawater. The
commercial alloys in their as-cast state or WAAM as deposited condition have a dual phase
microstructure and hence they have complex heterogeneous distribution of elements within
the phases as described in section 3.4. This however has limited their application due to their
susceptibility to selective phase corrosion.

Tanabe reported that α aluminium bronzes (Al < ∼6%) have high resistance to selective phase
corrosion (de-aluminification). Presence of other phases (β and κ) increases de-aluminification
[39].

In the following chapter , in-situ alloying of MAB deposit with Cu3Si filler wire during
deposition was explored with the aim to reduce Al wt% below ∼6%. A compositionally
graded deposit was characterized to find optimum alloying parameters for a single phase α
deposit. Non-equilibrium solidification microstructure of the new α phase alloy during WAAM
processing was investigated further.

4-2 Experiments

A conventional GTAW setup as described in section 3-2, was used in the following experiments.
To study the evolution of non-equilibrium solidification microstructure as we lower the amount
of aluminium, in-situ alloying was performed using copper rich Cu3Si wire. Composition of
the wire was measured using a Panalytical Axios Max WD-XRF spectrometer. The results
have been tabulated in Table 5 below.

On an already deposited single weld bead of manganese aluminium bronze as described in
Chapter 3, a single bead of Cu3Si filler wire was deposited. This resulted in re-melting of a
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Table 5: Elemental Composition of Cu3Si filler wire determined by XRF analysis (wt%)

Material Cu Si Mn Cl Al Zn Mg Others
Cu3Si 93.9 3.12 0.99 0.7 0.31 0.17 0.23 0.44

Cu3Si dev 0.5 0.05 0.04 0.03 0.02 0.1 0.01 0.07

part of MAB deposit along with the Cu3Si filler wire and thereby alloying within the melt
pool. Process parameters were chosen so as to ensure full remelting of only the previous bead
and not of the base plate. Wire feed rate for the process parameter selection experiments
was chosen based on trials and qualitative estimates from phase diagram and mass balance
calculations. The corresponding details can be found in Appendix B.

4-2-1 Compositionally Graded Deposition

During the in-situ alloying experiment, the wire feed rate of Cu3Si was increased progressively
along the bead to obtain a single weld deposit with incremental amounts of copper in the
composition of the melt pool along the deposit. Process parameters for the experiment along
with a schematic diagram of the experiment are shown in 28.

(a)

(b)

Figure 28: Deposition process parameters for in-situ alloying. Schematic diagram of wire feed
rate qualitatively indicating the local composition of the melt pool

The longitudinal cross section of the deposit was polished using standard metallographic
procedures and etched using a mixture of FeCl3, HCl and H2O (5:25:70). Keyence digital
microscope was used to stitch the macrostructure of the compositionally graded deposit.
Optical micrographs of selected regions in the deposit were recorded. Series of hardness
measurements were recorded using a Streurs DuraScan 70 device. A 1 kgf/mm2 load was
applied using a diamond indentor and the inter-indent spacings was defined to be 4mm (more
than 4 times the diagonal of the indent). A section of the deposit was further analyzed at
distinct points along its length with scanning electron microscopy and energy dispersive x-ray
analysis using a Jeol JSM-IT100. Image processing in MATLAB was used to observe trends
in phase fractions.
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4-2-2 Optimal Alloying

Based on the results of the experiment described above, optimal alloying composition and
hence the process parameters were identified in order to form a single phase homogeneous
non-equilibrium microstructure. The parameters are tabulated in Table 6. A Cu3Si single
weld bead was deposited on a MAB deposit causing it’s remelting and hence alloying. Met-
allographic samples of the longitudinal and transverse cross sections were prepared. The
microstructure was characterized using optical microscopy, scanning electron microscopy and
X-Ray diffraction analysis. The top surface of the weld bead was analyzed in this method.

Table 6: Process parameters for optimal in-situ alloying

S. No/ Material Current (Amp) Travel Speed (mm/s) Feed Rate(mm/s)
1/MAB 150 3 36
2/Cu3Si 150 3 21

4-2-3 Solidification Analysis

To gain insights into stability of phases at elevated temperatures and to study the solidification
behaviour of the new alloy, alloy samples were heated in an Nabertherm box furnace at
different elevated temperatures and subsequently quenched in water. The heat treatment
parameters are tabulated below in Table 7. Microstructure was characterized using optical
microscopy, electron microscopy and X-ray diffraction analysis. Similar experiments were
conducted for MAB as well. The results can be found in Appendix A

Table 7: Heat treatment parameters for solidification analysis of MABCu

Temperature ( ◦C) Time (hrs) Cooling
650 ◦C 2.5 Water Quench
750 ◦C 2.5 Water Quench
850 ◦C 2.5 Water Quench
950 ◦C 2.5 Water Quench

4-3 Results and Discussions

Aluminium bronzes can be characterized into single phase α bronzes and dual phase α-β
bronzes based on the percentage of aluminium present [40]. A Copper-aluminium phase
diagram constructed using ThermoCalc 16a, SSOL2 : SGTE Alloy solutions database is
shown in Figure 29. It can be seen that at elevated temperature, the phase diagram has
three characteristically different regions, namely L+α, L+α+β, and L+β regions. Due to the
presence of different alloying elements, various regions/phases in the phase diagram shift and
move along the temperature-composition plane[13].
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Figure 29: A section of Cu-Al binary phase diagram

4-3-1 Compostionally Graded Deposit

During the experiment described in section 4-2, as the percentage of aluminium decreases,
the composition of melt pool changes from the L+β region to the L+α region via the L+α+β
region. A low magnification stitch of the macrograph can be seen in Figure 30 (a). Optical
micrographs from selected sections of the compositionally graded deposit can be seen in Figure
30 (b), (c) and (d). Macro and Micro lenses were used in the digital microscope for respective
images. As a result of combination of etching and lighting of the corresponding lens, in
Figure 30 (a), the lighter phase dominant in the left corner is the β phase, whereas the dark
regions towards the right of the macrograph correspond to the α phase. On the other hand,
in micrographs (b), and (c) dark regions are β phase and the lighter regions are α.

It can be evidently observed in the macrograph that the microstructure changes from a dual
phase to a cellular dendritic single phase. Three characteristically different regions can be
identified, as can be seen in the micrographs in Figure 30. The continuous dual phase (CDP)
microstructure in Figure 30 (b) consists of grain boundary α and Widmanstatten α grains in
prior β grains. The above mentioned microstructure corresponds to a melt pool composition
lying in the liquid+ β region of the Cu-Al phase diagram. This has been discussed in greater
detail in Chapter 3 of this thesis.

Optical micrograph in Figure 30 (c) has a discontinuous dual phase (DDP) microstructure.
The local composition corresponds to the liquid+α+β region in the phase diagram. It can
be seen that the non-equilibrium solidification microstructure at room temperature comprises
of small β grains along the edges and at the corners of relatively larger α grains. κ phase
precipitates can also be observed in both the phases. The mechanism of solidification in
non-equilibrium conditions for DDP alloys is beyond the scope of this work.
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Figure 30: A section of in-situ alloyed compositionally graded deposit (a) macrograph of a
section showing transition from dual phase to single phase microstructure (b) a continuous
α + β microstructure (c) a discontinuous α + β microstructure and (d) single phase α
microstructure

Figure 30 (d) can be identified as single phase cellular (SPC) microstructure with a compo-
sition corresponding to the Liquid+α region in the Cu-Al phase diagram. Sets of around 10
µm wide parallel cellular dendrites can be observed along the direction of thermal gradient.
This single phase microstructure will be discussed in greater detail in the following section.
Scanning electron micrographs along with corresponding elemental maps for the three charac-
teristically different microstructures, namely continuous α+β, discontinuous α+β and single
phase cellular α can be seen in Figure 31-33.

Etching has caused the β phase to be preferentially corroded and hence the grains in the form
of pits correspond to β phase in Figure 31 and 32. This β phase is rich in aluminium and
manganese as seen from elemental maps which is also reported in literature [13]. In Figure
33 aluminium is homogeneously distributed in α matrix as the corresponding composition
lies within the solubility limit. In Figure 33, manganese on the other hand combines with
the increasing amount of silicon along with nickel and iron to form precipitates. Upon close
observations, two kinds of precipitates, one rich in Fe, Mn and Si and another rich in Fe,Ni,Mn
and Si can be seen. These precipitates are individually indicated in Figure 33 Fe map and Ni
map respectively. Fe and Si rich precipitates, similar to the ones mentioned above can also
be seen in the DDP microstructure (Figure 32).

Figure 34 (a) summarizes the trends in concentrations of various alloying elements along the
deposit. EDS was used to extract local compositions at discrete points along the deposit.
Upon increasing addition of Cu3Si filler wire in MAB deposit, the concentration of Si in
the deposit increases whereas the composition of aluminium, manganese, iron and nickel
decreases. However, it can be observed that the trends are not linear. This is because,
for a given amount of heat input, the amount of re-molten MAB decreases upon increasing
additions of Cu3Si. Additionally, the temperature of the base plate during deposition is not
constant, adding to the nonlinearity in compositional trends.
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Figure 31: Scanning electron micrographs and elemental maps Continuous Dual Phase (CDP)
microstructure
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Figure 32: Scanning electron micrographs and elemental maps Discontinuous Dual Phase
(DDP) microstructure
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Figure 33: Scanning electron micrographs and elemental maps Single Phase Columnar (SPC)
microstructure

(a)
(b)

Figure 34: a) Trends in composition of alloying elements in the deposit (b) Phase fraction of
α phase along the length of the deposit
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The microstructure changes progressively from dual phase to single phase. Image processing
(MATLAB) was used to quantify phase fractions along the deposit, shown in Figure 52 (a).
The image was binarized with dark pixels corresponding to α and white pixels being β phase
and the inter cellular regions. Figure 34 (b) shows the trend in α phase obtained. The
absolute values of phase fractions are not accurate because of the resolution and lens lighting
during acquisition, but a clear trend is visible. A curve starts with a phase fraction plateau
in the CDP region, sharply reduces along the DDP region and subsequently reaches another
plateau in the SPC region. This trend is coherent with the Cu-Al binary phase diagram as
there is a fixed discrete value of aluminium concentration below which the microstructure is
single phase irrespective of the composition.

Figure 35: Trends in hardness values along the length of the deposit.

Figure 35 shows the trend in hardness along the deposit. Error bars correspond to the stan-
dard deviation from 3 series of measurements. The graduated bar on the top differentiates
the three microstructural regions namely CDP, DDP and SPC. It was observed that there is
a significant difference between as-deposited CDP microstructure (∼225HV) and the newly
developed SPC microstructure (∼165HV). There is a sharp drop in the hardness values in
DDP region. Thereafter the drop is more gradual in the SPC region. This can be explained as
an outcome of different strengthening mechanisms associated with different microstructural
regions. In the CDP region, the phase fractions of hard (beta) and soft (alpha) phases are
similar and hence similar hardness values are found. However, in the DDP region as the phase
volume fractions of the β phase drops (as seen in Figure. 34 (b) there is a sharp decline in
hardness indicating that primary strengthening mechanism is presence of hard phases. In the
SPC region on the other hand, strengthening mechanisms at work are solid solutions strength-
ening (aluminium and manganese content)[41] and precipitation hardening (discussed in this
section). Hence, based on the results of the above experiments, parameters corresponding to
solid solution and precipitation strengthened single phase alloy were optimally chosen. The
material obtained with optimal parameters has been characterized in the section below.
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4-3-2 Alloy Analysis

A single bead deposit of Cu3Si wire was deposited using 150 A at a wire feed rate of 21
mm/s (Table 6) on an existing MAB deposit (150 A; 36 mm/s) while ensuring remelting
and remixing of the two deposits (will be referred to as MABCu). The composition of the
deposit measured using a Panalytical Axios Max WD-XRF spectrometer is tabulated in Table
8 Figure 36 shows optical micrographs at different scales.

Table 8: Elemental composition of MABCu deposit determined by XRF analysis (wt%)

Material Cu Mn Al Ni Fe Si
MABCu 84.6 5.9 4.9 1.7 1.6 1.3
Dev. 0.9 0.2 0.1 0.1 0.1 0.1

(a) (b)

Figure 36: Optical micrographs of longitudnal cross section of MABCu deposit taken from
different areas at different magnification. α phase and precipitates are indicated

The microstructure as seen in the Figure 36 (a) comprises of fine cellular dendrites about 10
µm wide. The direction of growth is along the direction of maximum thermal gradient. These
cells are not completely continuous and they break at several sections along the length, com-
bine and merge in one another. In Figure 36 (b), apart from inter cellular region, precipitates
can also be observed within the grain. This indicates that during non equilibrium solidifica-
tion, two kinds of nucleation and growth are observed. Firstly, the cells grow from the base
plate interface along the direction of heat extraction. Simultaneously, Fe rich particles also
act as nucleation sites for α copper grains. As the cellular and the equiaxed grains grow, the
solid expels solute atoms (with low solid solubility) into the remaining liquid. These grains
eventually upon cooling form the solid displaying a mix of cellular and equiaxed α segments
with interdendritic precipitates. The microstructure however is predominantly consists of
cellular morphology indicating that only a few equiaxed grains survive. It must be noted that
3-Dimensional morphology of cells and equiaxed segments can not be completely captured in
a 2-Dimensional micrograph. In Figure 33, element distribution EDS maps of single phase
cellular microstructure provide supporting evidence for the above mentioned analysis. Pre-
cipitates within an α Cu cells are rich in Fe, Si and Mn, whereas the interdendritic regions
are rich in Fe, Ni, Mn and Si.
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Figure 37 shows the X-Ray Diffraction pattern of the MABCu (Blue) sample along with the
XRD pattern of MAB150 (black), the as deposited dual phase alloy discussed in Chapter 3.
Peaks corresponding to Cu- FCC and Cu- BCC lattice structure are also indicated with Red
and Blue, respectively. It can be evidently seen that the Cu-BCC β phase peaks are absent
in the in-situ alloyed MABCu alloy. This is coherent with the above discussion about the
non-equilibrium solidification microstructure. The ratio height of the Cu- α bars from the
database corresponds to relative intensities from a random textured material. However, in the
MABCu XRD pattern, the peaks at 2θ = 58◦ and at 2θ = 108◦ are disproportionately higher
than the rest. This indicates the presence of a strong texture. Similar observations have been
reported during WAAM of TiAl6V4 [42]. Further insights on texture can be obtained via
EBSD analysis of the alloy but is beyond the scope of the current project.

Figure 37: X-Ray Diffraction patterns of in-situ alloyed MABCu

Figure 38: Selected sections of MABCu XRD pattern highlighting precipitates.
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Figure 38 shows selected sections of the XRD pattern. Numerous small peaks presumably
corresponding to the precipitates can be seen. Based on the EDS maps (Figure 33) and
the database in Brucker software, peaks belonging to precipitates have been identified as
hexagonal MnNi1.24Si0.76 (P63/mmc) (speculated to be the interdendritic precipitates) and
Mn1.2Fe1.8Si (BCC family, fm-3m)(speculated as the Fe rich precipitates). It is important
to note that XRD patterns reveal only the crystal structure and not the exact composition of
the precipitates. The results from the XRD analysis are also coherent with the evolution of
the microstructure presented in the discussion. The newly developed alloy, MABCu has been
further investigated to develop a greater understanding of non-equilibrium solidification and
to study the stability of precipitates at high temperature by means of heat treatments.

4-3-3 Solidification Analysis

Aging heat treatment followed by water quenching was employed to study the stability of
precipitates in the solidification microstructure (section 4-2-3). Selected region from X-Ray
diffraction patterns of the aged and quenched samples are presented in Figure 39. The
numbers associated with XRD patterns correspond to respective aging temperatures.

Figure 39: XRD pattern of heat treated samples. Indicator peaks corresponding to identified
phases are indicated along the x-axis

Strong peaks of Cu FCC α phase can be seen for all heat treated samples. The peak for
Mn1.2Fe1.8Si ( Fe rich precipitates, 2θ=53◦) is also stable for all aging temperatures. This
observation is coherent with the proposed solidification approach involving Fe rich precipitates
as sites for heterogeneous nucleation of copper α phase (section 4-3-2). However, it was
observed that the peaks for hexagonal MnNi1.24Si0.76 precipitates (indicated by *) are not
present in samples aged at 850 ◦C and 950 ◦C. This suggests that at an elevated temperature
in the range of 750 ◦C and 850 ◦C, the interdendritic precipitates dissolve in the matrix.
Upon rapid solidification the precipitation of these precipitates is suppressed. However, in
XRD patterns of MABCu850 and MABCu950 at 2θ=52.5◦ a small bump (broad peak) is
visible. Micrographs and EDS analysis (shown in 40) was performed on MABCu 950 to gain
insights into the observation.
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Figure 40: a) Optical Micrograph (b) scanning electron micrograph and (c) EDS Elemental
Analysis of MABCu950. Two distinct kinds of precipitates can be seen.
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The optical micrograph shown in Figure 40 (a) consists of an α Cu phase, circular dark pre-
cipitates and lamellar brown precipitates. Please note, the scale of the micrograph is larger
than the as deposited microstructure shown in Figure 36. Hence it is suggested that during
isothermal holding at 950 ◦C grain growth has taken place resulting in an increase of the
interdendritic width from 10 µm to 100 µm. Grain boundaries are regions of high energy
and hence at elevated temperatures, some grains grow and consume others to reduce the
grain boundary area and hence internal energy [43]. Prominence of circular dark precipitates
can be attributed to Ostwald ripening. In solid solutions at elevated temperatures, large
precipitates grow in size at the expense of smaller precipitates as large precipitates are ener-
getically favourable [43]. Similar phases and morphologies can be identified and observed in
the scanning electron micrograph Figure 40 (b).

Based on the elemental maps, it is evident that the dark circular precipitates are the Fe-
rich precipitates as observed in the as-deposited alloy. The brown lamellar precipitates also
resemble the interdendritic precipitate (MnNi1.24Si0.76) in terms of elemental distribution.
This however directly contradicts the absence of the peaks in XRD pattern shown in Figure
36. Hence, it is suggested that the interdendritic precipitate transforms into a liquid phase
between the Cu α grains. Upon rapid quenching, the liquid forms a semi crystalline solid.
Presence of voids in the regions surrounding the interdendritic precipitates strengthens the
suggestion. These voids can be a possible consequence of a combination of solidification
shrinkage in a constrained environment (in between α grains) and stresses due to differential
thermal contraction [44].

To gain insights into the observations, the MABCu sample was heated to 950 ◦C, aged for
2.5 hrs and allowed to cool in the furnace (cooling rates less than 3 ◦C/min). XRD pattern
of the slow cooled sample along with the water quenched sample is shown in Figure 41.

Figure 41: XRD pattern of MABCu aged at 950 ◦C and furnace cooled. Diffraction pattern
of aged and quenched sample is plotted for reference.

It is observed that the diffraction peaks (for example 2θ =49◦, 52◦ and 84◦) corresponding
to interdendritic precipitates (MnNi1.24Si0.76) are present in furnace cooled sample, whereas
they are absent in the quenched sample. This observation is coherent with the hypothesis
presented. Upon slow cooling the liquid precipitate enclosed in between Cu α grains crystal-
lizes but upon quenching a semi-crystalline phase is obtained. Thus, the material is sensitive
to thermal treatment and further analysis is needed to explore its potential applications.
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4-4 Conclusions

Use of in-situ alloying as an effective microstructure control strategy during Wire and Arc
Additive Manufacturing of aluminium bronze has been demonstrated. A compositionally
graded deposit has been characterized for microstructure and mechanical properties. Non
equilibrium solidification of a single phase bronze obtained from in-situ alloying is investigated.
Following conclusions can be drawn-

• On the basis of composition, aluminium bronzes can be categorized into 3 types lying
within the L+α, the L+α+β and the L+β region of the phase diagram. Their solidifica-
tion results in single phase cellular dendritic, discontinuous dual phase and continuous
dual phase microstructure, respectively.

• Continuous dual phase microstructure has a hardness of ∼225HV. The hardness sharply
drops as a function of β phase fraction from ∼225HV to ∼180HV for discontinuous dual
phase microstructure. For single phase microstructures, the hardness drops slightly as
a function of the increasing Cu concentration.

• In-situ alloyed single phase solidification microstructure consists of α phase cellular
dendritic seperated by inter-dendritic precipitates. Equiaxed Cu α segments with Fe
rich precipitates within the grains are also observed.

• The newly developed single phase aluminium bronze is sensitive to thermal treatments
and is susceptible to solidification defects like voids.

The newly developed alloy has a homogeneous single phase microstructure. This alloy will
be used for corrosion and grain refinement studies in the chapters that follow.
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Chapter 5

Corrosion Behaviour

5-1 Introduction

Copper alloys have been used in the marine environments for various structural purposes
like pipelines, pumps and, propellers. Aluminium bronzes particularly offer a combination of
good mechanical properties and corrosion resistance. With increase in amount of aluminium,
corrosion resistance of aluminium bronzes first progressively increases until a certain compo-
sition and then decreases. This composition of aluminium corresponds to the solubility limit
of aluminium (%wt) in α phase. De-aluminification is rarely noticed in single phase α alloys
[45]. Beyond this composition, the dual phase alloy undergoes severe selective phase corrosion
(de-aluminification) [46].

Manganese aluminium bronze, our alloy of interest, has a composition corresponding to a dual
phase microstructure (Chapter 3). In Chapter 4, in-situ alloying, a microstructure control
strategy for WAAM processing is explored to transform a dual phase microstructure (MAB,
Chapter 3) into a single phase microstructure (MABCu). In the following chapter , corrosion
behaviour of the above mentioned alloys is investigated with an emphasis on susceptibility
towards selective phase corrosion. To benchmark results against industrial practices, an
annealed alloy (a standard practice to improve corrosion resistance of propellers) is also
included in the study. Potentio-Dynamic Polarization experiments are performed in an acidic
chloride medium to gain insights into the corrosion behaviour of MnAl bronzes.

5-2 Experiments

The section below describes the series of experiments that were performed to investigate
corrosion behaviour of as-deposited, post processed and in-situ alloyed MnAl bronzes.
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5-2-1 Materials

Three as-deposited MAB beads were obtained as described in Chapter 3 using the welding
parameters tabulated in Table 9. For post processing, one of the MAB deposits was subjected
to an annealing heat treatment. A Nabertherm box furnace was heated to 650 ◦C and the
weld deposit was exposed to this temperature for 2.5 hrs. The deposit was allowed to cool
in the furnace (∼ 2 ◦C/min). The in-situ alloyed deposit was prepared by alloying an MAB
deposit with Cu3Si wire as described in Chapter 4 according to parameters Table 10.

Table 9: GTAW process parameters for MAB sample

S. No Current (Amp) Travel Speed (mm/s) Feed Rate (mm/s)
1 150 3 36

Table 10: GTAW process parameters for the MABCu sample

S. No Current (Amp) Travel Speed (mm/s) Feed Rate (mm/s)
1.MAB 150 3 36
2.Cu3Si 150 3 36

To fabricate the electrodes for electrochemical analysis, 1.5 cm long sections were cut from
each deposit namely MAB (as-deposited), MABHT (post-processed) and MABCu (in-situ
alloyed). A multistrand copper wire was attached at the base of the deposit using a lead-
free solder to establish electrical contact. The wire and weld assembly cold mounted in a
non-conductive resin as schematically shown in Figure 42 (a). Three different samples were
polished using standard metallographic procedures to expose ∼ 0.75 cm2 from the top of weld
beads as shown in Figure 42 (b).

(a)
(b)

Figure 42: Electrodes for electrochemical polarization experiments (a) Schematic of embedded
weld bead (b) polished samples of electrodes

The corrosive medium (electrolyte) was prepared mixing 100 mL 0.1M HCl with 29.25 g NaCl
in 900 mL H2O using a magnetic stirrer at room temperature. This resulted in a 0.01M HCl
+ 0.5M NaCl solution. The pH of the solution was found to be 2.12.
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5-2-2 Electrochemical Polarization

Polarization tests were carried out in an electrochemical cell containing 100 mL of 0.01M
HCl + 0.5M NaCl solution using a standard 3 electrode configuration. A graphite counter
electrode and an Ag/AgCl reference electrode are used along with the respective samples
as working electrodes. A schematic of concentration cell along with the electrodes can be
seen in Figure 43. It should be noted that all the potentials were measured and plotted
against Standard Hydrogen Electrode (SHE) after conversion from the Ag/AgCl reference
electrode. Experiments were conducted in absence of oxygen. In order to achieve this, before
the experiments, the solution was flushed with N2 gas for 15 mins in the beaker covered with
a paraffin sheet. All electrochemical tests were conducted using an AutoLab Potentiostat
Galvanostat.

Figure 43: A schematic of experimental setup for electrochemical analysis [47]

Open circuit potential (EOCP ) was determined for all samples prior to respective potentiody-
namic polarization (PDP) measurements by immersing the specimen in the electrochemical
cell for 30 minutes. For PDP measurements, the potential was scanned from -200 mV v/s
EOCP to +200 mV v/s EOCP at a scan rate of 0.5 mV/s. Subsequently, the Tafel extrapolation
method was used to extract the polarization parameters from the PDP measurements. To
further study the mechanism of corrosion, anodic polarization experiments were performed.
After immersing samples at OCP for 30 mins, a potential scan from -50mV v/s EOCP to +1500
mV was performed. Conclusions regarding the relationship between the microstructure and
the corrosion rate were drawn on the basis of E v/s log(i) graphs.

5-2-3 Surface Morphology Analysis

Finally, the surface morphology of the corroded surfaces after potentio-dynamic polarization
experiments were characterized using scanning electron microscope (Jeol JSM-IT100) to reveal
insights regarding the nature of corrosive attack.
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5-3 Results and Discussions

5-3-1 Microstructure

Figure 44 shows the optical micrographs of as-deposited, heat treated and in-situ alloyed
specimen. Figure 44 (a) shows a continuous dual phase microstructure MAB consisting of
primary β grains with grain boundary α along the prior β grain boundaries and Widmanstät-
ten α with in the grain. This microstructure has been discussed in Chapter 3 in more detail.
Figure 44 (b) shows a fine grained single phase α microstructure MABHT. At the elevated
temperature of 650 ◦C retained β transforms into α phase. The pre-existing α grains remain
unchanged. Also, a large density of precipitates can be observed, which is a result of aging at
high temperature (XRD pattern of MABHT can be seen in Appendix A). Figure 44 (c) shows
the in-situ alloyed cellular dendritic single phase α microstructure as described in section
4-3-2

(a) (b) (c)

Figure 44: Optical Micrographs of (a) MAB (b) MABHT and (c) MABCu

5-3-2 Potential - pH Diagram

Pourbaix diagram or E - pH diagram represents electrochemical equilibria between different
species in an aqueous media. They provide thermodynamic basis for the stability of phases
in relation with the pH of the solution and the applied overpotential. Different regions
correspond to the phases with minimum free energy. These diagrams play an instrumental
role in understanding dissolution and passivation behaviour of alloys. Pourbaix diagrams
for three principal elements namely Cu, Mn and Al are shown in Figure 45 (a) (b) and (c)
respectively. Figure 45 (d) shows a selected region of a multi-element Pourbaix diagram
consisting of 81% Cu + 11% Mn + 7% Al (∼MAB composition). The diagrams have been
obtained from open source collaborative database www.materialproject.org.

The lines in Pourbaix diagrams show equilibrium between activities of species on the either
side calculated using Nernst equation. The respective species are predominant on each side of
the line [48]. Factors like temperature and concentration of ionic species affect the stability of
phases and shift the lines. Concentration of all ions in the software by default is 10−6M . The
two orange dashed lines show the H2 reduction line (lower) and line for oxidation of water
to oxygen (upper). Below the Hydrogen line, H2 gas evolves at the cathode and above the
Oxygen line, O2 gas evolves at anode. Stability regions corresponding to water, hydrogen
and oxygen are labeled in Pourbaix diagram for copper. Pourbaix diagrams can be used to
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get an indication about regions of immunity (metal is stable in solid form), corrosion (metal
is stable in ionic froms) and passivity (metal oxides are stable). In a solution of pH of 2.12
, solid metal and its cations are stable from -1 V to 1 V for all the three elements. It is
important to note that these diagrams are based on thermodynamics and no predictions can
be made about the rates of corrosion [48].

(a) (b)

(c) (d)

Figure 45: Pourbaix diagrams (a) copper (b)manganese (c) aluminium d) Cu11Mn7Al (MAB)

5-3-3 Electrochemical Polarization

Figure 46 shows selected open circuit potential curves of the three alloys. It can be observed
that in the given time frame of 1800 seconds, a steady electrode potential was achieved for
all the three alloys after a different initial transient behaviour. Similar values suggest that
copper plays a dominant role in the electrochemical equilibrium. OCP measurements in
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corrosive media for extended durations of time can potentially show appreciable differences
in the behaviour.

Figure 46: Open Circuit Potential of alloys under consideration

Figure 47 (a) shows average potentio-dynamic polarization curves for different microstructures
under consideration. The values in the curve represent a mean of three sets of repetition of
the experiments. The value on the potential axis is adjusted against SHE from Ag/AgCl
electrode. In the excess of H+ ions at low pH values, mixed charge transfer and mass transfer
polarization kinetics is assumed [49, 50]. Hence, using Tafel analysis Ecorr and icorr values
from repeated measurements have been extracted in Table 11. A schematic diagram showing
Tafel extrapolations to extract different parameters is presented in Figure 47 (b)
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Figure 47: (a) Potentiodynamic Polarization plots for different microstructure (b) A schematic
illustration showing Tafel extrapolation and various parameters for MABHT microstructure.
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Table 11: Potentio-dynamic Polarization parameters of MAB, MABHT and MABCu mi-
crostructures immersed in 0.01M HCl+0.5M NaCl solution. Data is an average value of three
experiments.

Material |banodic (mV/decade) |bcathodic| (mV/decade) Ecorr (mV) icorr (µA/cm2)
MAB 60 305 -247±2 1.92±0.09

MABHT 64 300 -274±9 1.42±0.24
MABCu 54 204 -260±7 0.70±0.02

In absence of oxygen, in acidic conditions, the cathodic half cell reaction is evolution of
hydrogen gas [51]. The initial primary anodic half cell reactions associated with copper is the
formation of Cuprous Chloride ions [51]. The reactions are shown below.

2H+ + 2e− → H2(g)−−−−Cathodic
Cu→ Cu+ + e− −−−−Anodic

Cu+ + 2Cl− → CuCl−

The anodic arms of all three microstructures show a typical Tafel behaviour where the po-
tential values increase linearly with log(i). Anodic Tafel slopes lie in the range of 54-64
mV/decade and no distinct differences can be observed. Similar values of Tafel slopes have
been reported for copper alloys in neutral chloride solutions [52, 51]. Clear differences are seen
in the cathodic arms of the polarization curves. Cathodic Tafel slope for MAB and MABHT
are 1.5 times larger than the slope of MABCu alloy indicating slower kinetics of H2 evolution
for the later. This can be attributed to a homogeneous microstructure and lower amount of
aluminium in MABCu. MAB and MABHT ( 7%Al by weight) microstructures, are richer
in aluminium as compared to MABCu ( 5% Al by weight). The absolute values of current
density are also higher for cathodic arm of MAB. It is hence speculated that due to presence
of cathodic (α) and anodic (β) phases, a large number of galvanic couple sites get activated
resulting in larger current density and the evolution of H2 gas.
The rate of corrosion is given by,

Rm = M

nFρ
∗ icorr

where M is the atomic mass of metal (Cu - 63.5), n is the number of electron taking part in
the reaction and ρ is the density of metal (7.53 g/cm3)[48]. Hence, icorr values from Table
11 indicate that owing to its homogeneous microstructure, the in-situ alloyed MABCu alloy
has a ∼3 times lower rate of corrosion than the as deposited MAB alloys. However, it should
be noted that potentiodynamic polarization experiments alone do not provide conclusive and
holistic information about complex phenomena of corrosion resistance. Detailed analysis are
needed to explore resistance of the materials towards other common forms of corrosion like
pitting, erosion and crevice corrosion.
To gain insights into the mechanism of corrosion, anodic polarization was performed as de-
scribed in section 5-2-2. Figure 48 (a) shows anodic polarization curves for MAB, MABHT
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and MABCu microstructures. Figure 48 (b) shows a selected region from the same graph to
better visualize the slopes.
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Figure 48: Anodic Polarization curves corresponding to MAB, MABCu and MABHT mi-
crostructures. (a) an overview and (b) a selected region from the curves.

It can be seen from the polarization curves in Figure 48 (a) that no passivation was observed
in all the three microstructures. At a positive potential of about 200 mV against SHE,
limiting current is observed in all the copper alloys. In the literature, this peak current has
been attributed to CuCl formation [53, 54]. Anodic currents at even higher overpotentials are
associated with formation and dissolution of CuCl, involving Cu+2 ions [54]. This observation
is coherent with the stability of Cu+2 ions in Cu Pourbaix diagram shown in Figure 45 (a).
Notably, in Figure 48 (b) for MABCu, the slope of polarization curve changes slightly above
an overpotential of 0.05 mV v/s SHE. The microstructure of MABCu alloy, shown in Figure 44
(c), comprises of columns of α phase separated by interdendritic precipitates. It is speculated
that precipitates preferentially corrode in the initial stage. Once the precipitates get depleted
from the top surface, only the α phase may corrode resulting in a different kinetics and hence
the slope of polarization curve. Contrary to this, in MAB and MABHT microstructures, there
is abundance of anodic sites namely β phase and grain boundaries, respectively. Hence, a
consistent slope is observed while the anodic regions selectively corrode over the entire range.
To substantiate the claims made above, further investigations into electrochemical stability
of precipitates and local measurements will be needed, which are beyond the scope of current
work.

5-3-4 Surface Morphology Analysis

SEM micrographs of corroded surfaces after being subjected to an overpotential of +200 mV
v/s EOCP during PDP tests can be seen in Figure 49.

The morphology of attack on the surface in Figure 49 (a) suggests that β phase has preferen-
tially corroded. This observation is consistent with studies in literature [13]. In Figure 49 (b)
grain boundaries of MABHT microstructure were prone to corrosion. Due to fine grain size
and abundance of grain boundaries, the attack is relatively severe. In MABCu, Figure 49 (c)
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(a) (b) (c)

Figure 49: Electron micrographs of alloy surfaces subjected to forced corrosion during polar-
ization experiments (a) MAB, (b) MABHT and (c) MABCu

the consequences of attack are far less severe. Interdendritic precipitates (discussed in sec-
tion 4-3-2) have been preferentially dissolved. XRD and EDS analysis can provide additional
information about the phases lost due to corrosion, however, they have not been explored in
current work.

5-4 Conclusions

The corrosion behaviour of three Cu alloys, as deposited MAB, post processed MABHT
and WAAM processed in-situ alloyed MABCu was investigated. Open circuit and potentio-
dynamic polarization analysis were performed in 0.01M HCl + 0.5M NaCl electrolyte. Based
on the results, the following conclusions can be drawn -

• Anodic behaviour of all the three alloys are similar and are largely governed by the
reaction Cu → Cu+ + e− . Peak currents are observed at positive overpotential of ∼
200 mV v/s SHE due to formation of CuCl.

• Clear differences are evident in cathodic polarization behaviour. MABCu has slower
kinetics of H2 gas evolution due to its homogeneous microstructure. Larger cathodic
currents were observed for as deposited MAB since α and β phases form galvanic sites
for cathodic reaction.

• Corrosion current density and hence the rate of corrosion of in-situ alloyed MABCu
alloy is ∼ 3 times lower as compared to as-deposited MAB alloy.

• In MAB alloys, the β phase is the preferential attack site causing severe surface degra-
dation. In MABHT and MABCu, attack occurs in the grain boundaries and is far less
severe.

Current work indicates that in-situ alloying (Chapter 4) shows improvement in resistance
against selective phase corrosion. Further investigations are needed to develop a holistic un-
derstanding of corrosion resistance of the alloys. The new alloy (MABCu) shows improvement
in corrosion resistance but has lower mechanical strength (hardness). Hence in next chapter,
microstructure control strategies to improve mechanical behaviour are explored.
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Chapter 6

Grain Refinement

6-1 Introduction

Microstructure plays an important role in the resulting mechanical and functional properties
of a material. Primary grain morphology of solidification microstructure is governed by ther-
mal gradient, speed of solidification front and local composition near solid-liquid interface
(discussed in section 2-3). During wire and arc additive manufacturing using GTAW, heat is
extracted towards the base plate against the direction of deposition across a steep thermal
gradient [55]. The single phase cellular microstructure of our alloy thus obtained has been
discussed in detail in section 4-3-2.
One of the key shortcomings of WAAM is that the mechanical properties are inferior to con-
ventional manufacturing processes. This can be attributed to epitaxial grain growth (section
2-3-2) and hence anisotropy in properties [4]. An equiaxed grain structure on the other hand
ensures uniform and enhanced mechanical properties [56].
Deliberate suppression of columnar grains in order to form equiaxed microstructure is an
industrially important and widely studied approach of grain refinement in the field of ingot
casting for Al and Mg alloys [56, 57]. Addition of potent nuclei in the form of inoculants has
been used as a common strategy to achieve grain refinement and columnar to equiaxed tran-
sition, CET. According to classical nucleation theory, presence of heterogeneous substrates
(surface of inoculant particles) reduces the free energy barrier for nucleation and hence pro-
motes finer grains [58]. For a particle to be a potential nucleating site, it should have a have a
higher melting point than the parent alloy, good wetting with surrounding liquid (interfacial
energy γ), should be uniformly distributed [56]. Microalloying additions of elements like Zr,
Ag, P, B to de-oxidised copper ingots have been explored previously by researchers[59, 60].
Balart et al. identified Ag as a critical microalloying element for grain size control in copper.
In the following chapter , addition of inoculants is explored as a microstructure control strat-
egy towards improving mechanical properties of the WAAM processed single phase copper
alloy discussed in Chapter 4 of this thesis. For simplicity, amount of iron (a potential candi-
date for inoculation), an existing alloy component (as opposed to foriegn element like Ti, Zr
and Ag), has been increased and the evolution of microstructure has been investigated.
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6-2 Experiments

A conventional GTAW setup (described in section 3-2) was used to perform the experiment.
To investigate the role of addition of inoculants on grain refinement, a coil made from high
purity 99.5%wt Fe was added to the in-situ alloyed MABCu deposit (as described in section
4-2). A 0.2 mm diameter Fe wire was wound around itself in order to create a multi-strand
twisted coil with a length of 70 mm. The configuration of the coil and hence the mass
distribution along its length is schematically shown as an orange line in Figure 51 (a). The
configuration of the coil was chosen to increase the percentage of Fe in the deposit progressively
from 2%wt (original MABCu composition) to 5%wt. The value of 5% was arbitrarily chosen
based on composition of NAB alloy, a commercial aluminium bronze with excellent mechanical
properties.

(a) (b)

Figure 50: (a) A schematic of coil configuration and mass distribution along the length of the
deposit. (b) the welding setup along with MABCu deposit and Fe coil spot welded onto it.

The Fe coil was spot welded at its ends along the length of the MABCu deposit as shown
in Figure 51 (b). The coil and deposit were subjected to a heat input using a gas tungsten
arc (length - 2.5 mm). The welding parameters applied in this experiment are tabulated in
Table 12. The table also contains welding parameters associated with the MABCu deposit.
No additional consumable wire was feed via the feeder during this grain refinement welding
pass (unlike section 4-2-2).

Table 12: Processing parameters for grain refinement analysis

S. No/ Material Current (Amp) Travel Speed (mm/s) Feed Rate(mm/s)
1/MAB 150 3 36
2/Cu3Si 150 3 21

Fe 150 3 -

The deposit thus obtained was characterized for its microstructure and hardness. A longitu-
dinal cross section along the length of the deposit was polished using standard metallographic
procedures. Microstructure was characterized using optical microscopy and SEM/EDS. Lo-
calized mechanical behaviour of the deposit was investigated by means of hardness measure-
ments. Trends were obtained using 5 series of 40 indents each (500 µm apart along the height
and length) measured with a load of 0.5 kgf/mm2 (0.5 HV). Observations are presented and
discussed in the sections below.
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6-3 Results

6-3-1 Process

An inconsistent deposition and alloying process was observed during the experiment. A bulb
of liquid iron was observed at the tip of the coil above the MABCu deposit where it interacted
with the arc. As the arc travelled over the Fe coil, the molten bulb grew in mass and size,
until a critical mass was reached. At this critical mass, the droplet detached from the coil
under its own weight and fell within the MABCu melt pool below it. The process of bulb
formation and droplet detachment continued as the arc travelled over the deposit. Hence,
alloying within the melt pool took place at discrete instances and not continuously. This has
been schematically represented in Figure 51.

(a) (b)

Figure 51: (a) Schematic diagram of grain refinement alloying process (b) Mass % of Fe along
the segment, determined using EDS

Thus, remelting the MABCu deposit by GTAW while feeding an iron coil does not produce a
consistent and homogeneous microstructure. The chemical composition and thus, the devel-
opment of microstructure will change with both time and location. Possibilities of wire feeding
or blown powder need to be explored for robust, reproducible and homogeneous outcomes.

6-3-2 Microstructure

A segment of the deposit was sectioned and characterized using optical microscopy and vickers
hardness indentation. Segment is schematically shown and labeled as "characterized segment"
in Figure 51. Figure 52 shows an optical macrograph of the segment including hardness
indents. Similar to Figure 30, the dark regions represent FCC Cu α phase (region B in Figure
52). The lighter regions correspond to the β phase and the grain boundaries (region D in
Figure 52). Concentration of Fe from left to right along the deposit as shown in Figure 51
(b). However, no particular trend was observed.

In the Figure 52, patches of light and dark regions indicate that a heterogeneous microstruc-
ture has been obtained. This can be explained as a consequence of inconsistent alloying during
process. The microstructure of selected regions related to droplet transfer (labeled as A,B,C
and D correspondingly in macrograph 52) are shown in Figure 53. Based on the EDS data, Fe
wt% representative of each microstructural region is mentioned in the respective subcaptions.
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Figure 52: Macrostructure of Fe enriched MABCu deposit

(a) Fe wt% = 4.22 (b) Fe wt% = 2.20

(c) Fe wt% = 3.87 (d) Fe wt% = 4.68

Figure 53: Optical micrographs of different regions in the grain refined deposit (a) Hetero-
geneously distributed Fe dispersoids (b) columnar alpha (c) coarse equiaxed and (d) fine
equiaxed
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Figure 53 (a) shows the extent of heterogeneity in the microstructure. The coarse and fine
equiaxed grain regions can be seen as alternate bands less than 25µm wide. The heterogeneous
microstructure of the deposit was characterized into 3 different morphologies that can be seen
in Figures 53 (b), (c) and (d). Figure 53 (b) shows a columnar microstructure similar to in-
situ alloyed microstructure as discussed in 4-3-2. Due to addition of Fe as an inoculant, the
microstructure is enriched with precipitates, but Columnar to Equiaxed Transition (CET)
was not observed. The alpha phase predominantly is still columnar. In regions with higher
Fe content (∼3.5 wt%), CET (Figures 53 (c) and (d)) was observed. Further investigations
with a robust processing method are needed to investigate changes in morphologies.

In Figure 53 (c) and Figure 53 (d), the equiaxed morphology of α copper grains is evident.
Columns as seen in Figure 53 (b) are no longer present. Precipitates within α grains indicate
that they served as the heterogeneous nucleation sites during non-equilibrium solidification.
In Figure 53 (c), a lower number of active nucleants resulted in relatively larger equiaxed
grains as compared to Figure 53 (d) where a larger number of finely dispersed precipitates
subsequently give rise to finer Cu α grains.

(a) (b)

Figure 54: Scanning electron micrographs of (a) MABCu (Chapter 4) consisting of columnar
grains (b) Fe enriched MABCu deposit consisting of a equiaxed grains

In Figure 54 scanning electron micrographs (at same magnification) of the in-situ alloyed
columnar and grain refined equiaxed microstructures can be seen. Figure 54 shows Cu α
phase columns separated by interdendritic precipitates (discussed in detail in section 4-3-
2). Some precipitates have been highlighted to show α columns (also shown using arrows).
Columnar to Equiaxed Transition has been achieved upon addition of Fe (Figure 54 (b)).
Some representative grain boundaries are highlighted to show change in morphology. Regions
corresponding to coarse and fine dispersed precipitates can be seen. The area marked in
Figure 54 (b) was further investigated using EDS, the corresponding elemental maps can
be seen in Figure 55. The Fe rich precipitates comprise of Fe, Mn and Si. Hence it is
speculated that Mn1.2Fe1.8Si precipitates may be present as was also observed in the in-situ
alloyed microstructure in section 4.3.2. The interdendritic MnNi1.24Si0.76 precipitates were
not visible in the elemental maps. XRD analysis of a bulk sample can be performed in future
to gain more insights into precipitates present within the system.
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Figure 55: Scanning electron micrograph of grain refined microstructure along with the EDS
elemental maps of the selected region

6-3-3 Hardness

The result of hardness measurement can be seen in Figure 56. Five series of 40 indents each
have been depicted as a contour map. The location of the indents can also be seen in the
macrograph in Figure 52.

Figure 56: A 3D bar plot depicting hardness values of 0.5HV indents marked along the deposit

In the Figure 56, the XY plane is a grid of 5X40 elements, each corresponding to an indent on
the grain refined structure. Heights of the bars correspond to hardness value associated with
the indent on the corresponding location. The color of the top surface of the bar indicates the
value as depicted by color bar on the right. Limits of values on Z axis have been selected to
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pictorially show the differences in hardness values. Minimum hardness value was 149 HV and
maximum value was 204 HV. No clear trends can be observed along the length of the deposit.
This can be explained by heterogeneous microstructures throughout the deposit. However,
to understand the relationship between hardness values and grain refinement, indents were
categorized into 3 groups based on their microstructural environment, namely, columnar,
coarse equiaxed and fine equiaxed. Figure 57 shows representative indents of corresponding
categories.

Figure 57: Indents categorized according to their microstructural environment (a) columnar
(b)coarse equiaxed and (c) fine equiaxed

Ten indents each corresponding to the three different categories were selected and analysed.
The results have been plotted below in Figure 58

Figure 58: Trends in hardness values of different microstructures

6-4 Discussion

6-4-1 Microstrucutre

A Columnar to Equiaxed Transition was observed in grain morphology at high amounts of
Fe wt% (>3.5%). A section of Cu-Fe phase diagram shown in Figure 59 offers insight into
the observed behaviour.
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Figure 59: A section of Cu-Fe binary phase diagram. At Fe wt% > ∼3%, peritectic region is
observed. FCC A1 and FCC A1(2) are both copper rich phases

Based on the composition of Fe in the alloys, two different regions can be observed in the phase
diagram. At Fe wt% <3%, Cu-Fe single phase is found at elevated temperatures, however at
Fe wt%>3%, peritectic region is observed. This potentially results in differing mechanisms
of grain refinement. The two key factors controlling grain refinement [61] are -

• potency, size and distribution of nucleating particles - role of inoculants

• local alloy chemistry, that triggers and sustains nucleation events through constitutional
undercooling - role of solute

Wang et al. suggest that a low degree grain refinement is obtained from the constitutional
undercooling components, particularly associated with segregation of solute atoms from single
phase solidification front (speculated to be the case for microstructure in Figure 53 (b)). How-
ever, in peritectic regime, a high degree of grain refinement is obtained from both segregation
and potent nuclie that promote heterogeneous nucleation [62]. Hence, equiaxed and refined
grains are obtained for peritectic compositions of Fe wt% > 3% ( in case of Figures 53 (c) and
(d)). Further, this discussion is restricted to the role of inoculants in grain refinement. More
investigations are needed to discuss the grain refining roles of several solute atoms present in
the alloy system (Al, Mn, Ni, Si and Zn)

Free growth model by Greer et al. [63]is used to determine the potency of nucleants and to
study the influence of particle distribution on grain refinement. According to the model, a
grain grows from a particle at an undercooling which is inversely proportional to the diameter
of the particle. For a fixed composition, particle diameter is also inversely proportional to
particle density. Thus there is a trade off where larger particles are easier to grow upon but
due to their lower density, they may be too few to contribute towards grain refinement.

It is speculated that the particle density factor dominated the phenomenon of grain refinement
in the experiment. Larger particles in Figure 53 (c) were too few to form fine grains. Contrary
to this, growth was sustained on fine particles in Figure 53 (d) resulting in a fine equiaxed
microstructure.
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The origin of local differences in particle distribution and the mechanisms of subsequent
grain growth are beyond the scope of this work. Furthermore, modelling of the melt pool
flow including redistribution of Fe and subsequent evolution of the microstructure should be
explored. These preliminary results only indicate potential of using inoculants to tailor the
microstructure of WAAM components.

6-4-2 Hardness

The trends in hardness values thus observed can be explained via means of various strength-
ening mechanisms namely grain boundary strengthening and dispersion strengthening [41].
Factors that influence local plastic deformation behaviour influence the hardness values in
that region. Plastic deformation is governed by the ease of movement of dislocations within
a polycrystalline material. Grain boundaries act as barriers to dislocation movement. The
Hall-Petch relationship describes the relationship between strength of a material and its grain
size. Yield strength is given by,

σo = σi + k′D0.5

Here σi corresponds to frictional stress opposing motion of dislocation, k is the unpinning
constant, that measures the extent to which dislocations are piled up at barriers and D is
the average grain diameter. Hence, grain refinement contributes to strengthening of the mi-
crostructure. In addition to grain boundaries, the presence of fine particles in a ductile matrix
also retards the motion of dislocations (dispersion strengthening). The degree of strengthen-
ing depends on the distribution of these particles. A parameter γ, being interparticle spacing
is critical to the dispersion of particles and is given by,

γ = 4(1− f)r
3f

Here f is the volume fraction of dispersoids and r is the particle size. Furthermore, depending
upon the nature of matrix, dispersoids and mechanical loading, different deformation mech-
anism like dislocations cutting through dispersoids or bypassing them, can operate. Further
investigation is needed to identify deformation mechanisms for the alloy system under dis-
cussion. For instance, bowing of dislocations in between non-deformable particles results in
a Hall-Petch like relationship between interparticle spacing γ and strengthening [41]

∆σ = σo + k′γ1/2

Hence, grain refined microstructures Figures 53 (c) and (d) have a higher hardness than the
columnar microstructure due to grain boundary strengthening. Further, the microstructure
with finely dispersed particles, has lower γ (a smaller r with a constant f) and hence higher
strengthening contribution from dispersion strengthening.
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6-5 Conclusions

Microstructure control strategies for improvement of mechanical properties during wire and
arc additive manufacturing have been explored. Small quantities of Fe were introduced locally
in the melt pool using a GTAW setup. The evolution of microstructure and trends in hardness
of the microstructure are investigated. Following conclusions can be drawn-

• Upon addition of Fe to wt%>∼3%, a distinct Columnar to Equiaxed Transition and
grain refinement is observed in the microstructure owing to introduction of potent nuclie
for heterogeneous nucleation in the peritectic regime.

• Based on local composition and distribution of Fe rich inoculant particles, the mi-
crostructure was catagorized into columnar (Fe wt%<3%), coarse equiaxed (Fe wt%>3%,
large Fe particles) and fine equiaxed (Fe wt%>3%, fine Fe particles)

• The hardness values of the microstructural regions increase in the order - columnar,
coarse equiaxed and fine equiaxed owing to grain boundary strengthening and dispersion
strengthening

Further investigations into developing robust process control (by exploring powder blowing
or wire feeding approaches) can potentially result in a homogeneous fine grain equiaxed mi-
crostructure with improved mechanical properties.
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Chapter 7

Summary

In the current work, metallurgical aspects of Wire and Arc Additive Manufacturing (WAAM)
of Manganese Aluminium Bronze (MAB) are addressed. A conventional GTAW setup mounted
on a CNC stage capable of motion along X,Y and Z axis has been used to deposit the filler
wire. Influence of process parameters and complex thermal cycling on the evolution of mi-
crostructure is studied. Further, in-situ alloying during deposition has been explored as a
process control strategy to tailor the microstructure. Susceptibility towards selective phase
corrosion is evaluated for WAAM processed and in-situ alloyed material. Lastly, improved
mechanical behaviour has been achieved through grain refinement during deposition.

7-1 Conclusions

The key conclusions from the work can be summarized as follows -

• During deposition of MAB single bead, the primary solidification microstructure consists
of columnar and equiaxed β grains. For low heat input, columnar grains are prominent
whereas at high heat input, morphology is predominantly equiaxed.

• Upon cooling, non equilibrium β phase transformations result in grain boundary, acic-
ular and Widmanstätten α. Intermetallic precipitates can also be seen. Further, due to
complex thermal cycling during WAAM, bands of coarse and fine grain morphologies
are observed.

• In a MAB deposit, incremental addition of Cu3Si filler wire while ensuring remelting
and mixing results in a compositionally graded deposit. Solidification microstructure
changes from dual phase to single phase due to reduction in aluminium wt %.

• Controlled in-situ alloying of MAB and Cu3Si during deposition can be used to tailor
phase fractions to achieve a single phase columnar microstructure (MABCu) can be
achieved. It was observed that microstructural integrity of the new alloy is sensitive to
thermal treatments as it is susceptible to void formation at elavated temperatures.
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• The rate of corrosion for single phase MABCu was found to be almost 3 times less as
compared to dual phase MAB based on Potentiodynamic Polarization analysis. Severe
selective phase corrosion was observed on anodic beta phase of MAB surface whereas
MABCu surface experienced a mild selective corrosion along the inter-dendritic precip-
itates.

• Introducing Fe within the melt pool during deposition is a promising approach towards
improving mechanical behaviour of the alloy. Upon increasing Fe %wt to >3%, columnar
to equiaxed transition was observed in the morphology

• Fe rich dispersoids within the melt pool act as potent nuclei for heterogeneous nucleation
thereby promoting equiaxed fine alpha grains. This resulted in improved mechanical
behaviour based on grain boundary and dispersoid strengthening

7-2 Outlook

The current work only scratches the surface of microstructure control possibilities associated
with wire and arc additive manufacturing. Additionally, due to the given time frame of the
project, a plethora of fascinating metallurgical aspects have not been explored in depth. Fur-
ther investigations are needed to develop a thorough understanding of phenomena associated
with the work presented. Some suggestions for further explorations are recommended below.

• Solidification morphology maps can be developed to link process parameters with the
resulting microstructure for a predictable process control. On microstructural front, use
of pre-heated substrate can be explored for tailoring the microstructure.

• The in-situ alloyed MABCu is sensitive to thermal cycles. Hence evolution of microstruc-
ture during its WAAM processing needs further investigation. Silicon based precipitates
are prone to void formation. A similar in-situ alloying analysis can thus be performed
for a silicon free copper filler wire to avoid detrimental features.

• Potentio-dynamic Polarization experiments are not a comprehensive method tool to
validate the complex corrosion behaviour of alloys. Advance microstructural techniques
like Scanning Kelvin Probe Force Microscopy (SKPFM) can be used to investigate
tendency towards selective phase corrosion.

• Investigations into stability of protective film, mechanism of corrosion and susceptibil-
ity towards other forms of corrosion like erosion, pitting and cavitation are needed to
develop a holistic understanding of corrosion behaviour in marine environment.

• Further explorations are needed to define a robust process for addition of inoculants
within melt pool. Insights into heat and mass transfer within the melt pool can help
define process parameters for a fine homogeneous microstructure. Alternatively, micro-
alloying additions of Ag, Zr and/or B can be explored for microstructure control.

Thus, the current work provides a basis for future explorations aimed at better understanding
of Wire and Arc Additive Manufacturing of Manganese Aluminium Bronze.
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Appendix A

Aging Analysis of MAB

MAB deposit was aged in Nabertherm furnace at different temperatures for 2.5 hrs and
quenched in water. The parameters are tabulated below and the optical micrographs of the
cross-sections of the deposit can be seen in the Figure. 60 and 61

Table 13: Heat treatment parameters for aging analysis of MAB

Temperature ( ◦C) Time (hrs) Cooling
650 ◦C 2.5 Water Quench
750 ◦C 2.5 Water Quench
850 ◦C 2.5 Water Quench
950 ◦C 2.5 Water Quench

(a) (b)

Figure 60: Optical micrographs of aged MAB samples at (a) 650 ◦C (b) 750 ◦C

Samples aged at 750 ◦C, 850 ◦C and 950 ◦C are dual phase where as the sample aged at 650 ◦C
is predominantly single phase. Coarsening was also observed from 850 ◦C and 950 ◦C samples.

Master of Science Thesis Milan Agnani



72 Aging Analysis of MAB

(a) (b)

Figure 61: Optical micrographs of aged MAB samples at (a) 850 ◦C (b) 950 ◦C

XRD pattern of the MAB sample aged at 650 ◦C is shown in Figure 62. The amount of β
phase has significantly reduced.

Figure 62: XRD pattern of MAB aged at 650 ◦C and MAB as-deposited
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Appendix B

Process Parameter - In-situ Alloying

Cu3Si filler wire was deposited on a MAB deposit using parameters tabulated below in Table
14. Process parameters for initial MAB deposit are also included in row 1.

Table 14: Parameter selection for in-situ alloying

Material Current (A) Travel Speed (mm/s) Feed Rate (mm/s)
MAB 150 3 36

Cu3Si (1) 125 3 24
Cu3Si (2) 150 3 24
Cu3Si (3) 175 3 24

Macrographs of cross-sections of the deposits are shown below in Figure 63

(a) Current = 125 A (b) Current = 150 A (c) Current = 175 A

Figure 63: Macrographs of in-situ alloyed deposits. Differences in re-melting and mixing
between MAB and Cu3Si are observed

Incomplete mixing and remelting was observed for welding current of 125 A. On the other
hand, 175 A current resulted in remelting of the base plate as well. At a welding current of
150 A, optimal remelting and mixing was obtained. Hence, the graded deposit and optimal
alloy were deposited using this value (section 4-2).
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