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Abstract

Wire arc additive manufacturing (WAAM), a derivative of additive manufacturing (AM), has gathered
attention of many researchers due to its numerous advantages such as high metal deposition rate and
near-net shape production over traditional manufacturing techniques. Lightweight aluminium alloys
were amongst highly experimented for WAAM products aiming widespread applications in automotive
sector; however, there are some challenges which are restricting its wide spread use. In view of this,
current research was directed towards better understanding of few challenges such as porosity i.e.
relation between porosity formation and hydrogen dissolution, microstructural inhomogeneity, and
residual stresses in WAAM produced 5183 aluminium alloy parts.

Commonly practiced technique for WAAM i.e. cold metal transfer (CMT) and conventional pulsed
metal inert gas (pulsed-MIG) were used for part manufacturing and compared for porosity and
microstructural variations. Samples were manufactured using 120 and 280 J/mm heat input, 50 and
100°C interlayer temperature and 30 and 120 seconds interlayer dwell time. For porosity study,
computed tomography (CT) scan and dissolved hydrogen test on solid WAAM part were performed.
Optical microscope and scanning electron microscope (SEM) were employed for microstructural
investigation. Chosen samples were tested for mechanical properties such as tensile and hardness.
Further, chemical analysis was performed to investigate possible elemental variations. Residual stress
variation was measured using the newly developed contour residual stress measurement method on
pulse-MIG produced WAAM samples. Substrate thickness (6 and 20 mm), interlayer temperature (50
and 100°C), heat input (120 and 280 J/mm) and deposit height (18 and 35 mm) were considered as
variables for metal deposition.

Samples produced with CMT process showed smaller and lesser pores with reduced overall pore
volume compared to samples from pulsed-MIG technique processed with similar conditions of heat
input and temperature controls. On the contrary, CMT samples witnessed higher dissolved hydrogen in
solid aluminium deposit. A peculiar trend in specific pore size and distribution drawn from probability
study confirmed the influence of heat input, interlayer-temperature, and interlayer-dwell-time on
WAAM type production. Further, CMT samples showed smaller grains compared to similarly
processed pulsed-MIG samples. Moreover, higher heat conditioned samples i.e. processed with 280
J/mm heat input, 100°C interlayer temperature, and 30 seconds interlayer-dwell-time samples revealed
relatively larger grains compared to lower heat conditioned samples i.e. 120 J/mm heat input, 50°C
interlayer-temperature and 120 seconds interlayer-dwell-time. Chemical analysis of a deposit revealed
loss of the elemental Mg. Tensile residual stresses dominated deposit part while substrate revealed
compensating compressive residual stresses. Residual stresses with magnitude approaching the yield
strength of a deposit were present. Substrate dimensions had major influence on stress distribution such
that thicker substrates (20 mm) showed tensile stresses at the adjacent to deposit region and compressive
in rest part, however, thinner substrates (6 mm) showed compressive stresses concentrated at extreme

ends and majority of substrate portion showed tensile stresses.

High frequency oscillating motion of feed stock wire and arc on-off effects in CMT technique supported

rapid reduction in temperature and increased solidification rate at solid-liquid interface that not only



resulted into lesser hydrogen absorption but also produced finer grains compared to pulsed-MIG.
Continuous ignited arc of pulsed-MIG method showed increased overall energy, hotter deposit, higher
arc penetration and lower cooling and solidification rates that supported in increased hydrogen
absorption, easy movement and coalescence of atomic hydrogen, thus formation larger pores compared
to CMT. The condition also supported in formation of larger and columnar grains. In either of the metal
deposition condition, temperature of at least penultimate layer was increased above the recrystallization
temperature of an alloy that affected grain formation in line with the heat flow direction. Effect of
columnar grain formation in built direction was reflected in tensile properties. Vertical tensile samples
showed lesser strength than horizontal samples. Similar to welding, liquid metal solidification in a layer
format exerted tensile stresses. An active bending moment and firmly clamped substrate produced
compressive stresses. Residual stresses as high as yield strength could be the result of high strains
encountered due to multiple thermal cycles of contraction and expansion. Higher stiffness offered by
20 mm thick substrate compared to 6 mm, difference in heat flow characteristics, positive and negative
strains due to repeated thermal cycles and operating bending moment collectively controlled stress
distribution in processed WAAM part of 5183 aluminium alloy.
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Chapter 1: Introduction

For practical application of any manufactured part, better understanding of its overall properties and
structural integrity is prime important. The sound quality and structural integrity include but not limited
to the behaviour under static and varying load conditions, residual stresses, microstructural properties,
impact of environmental conditions and any sudden or gradual material property variation with time.
The manufactured parts produced by traditional techniques such as casting, forging, rolling, machining
etc. were thoroughly studied for their product quality and structural integrity over the years by many
researchers from industry as well as academia. Also, some catastrophes were held responsible for
opening up the new doors of research fields such as material’s fracture toughness which was studied
after failures of iron-based plates of war ships from Second World War. In similar manner to traditional
techniques, time-to-time attention was provided to the newly developing technologies such as
nanotechnology, superplastic forming, diffusion bonding, rapid solidification processing etc. The
timely attention and understanding of the techniques support in reliable product development. A newly
developing and highly attended additive manufacturing (AM) technique has shown a potential of
replacing components produced by traditional processes [1-3]. Different studies were undertaken to
understand the structural integrity of the parts produced through additive manufacturing. There are some
examples of AM parts that find end user applications from different industries such as jewellery, home
furniture, fashion, aero-space, medical etc. More details about additive manufacturing field discussed

in following sections.

1.1 Additive manufacturing (AM)

Many researchers [1,2,4-6] predicted the possible impact of Additive Manufacturing (AM) on the
manufacturing industry of future. AM is has gathered attention of many researchers due to numerous
benefits ranging from its ability to handle variety of materials such as metals, polymers and ceramics,
ability to produce peculiar and intricate near net shape parts eliminating the need of additional tooling
and fixturing. Single-part assembly or bespoke [7] manufacturing is possible by AM because of the
processes capability of reducing overall manufacturing cost by providing a focused manufacturing
process reducing overall task time, material wastage hence better buy-to-fly ratio (BTF), while
improving the feedback flexibility to turn wire into a commodity artefact. AM has a capability of
delivering and satisfying increasing orders of customised and personalised products. As AM uses digital
files for producing an object, it becomes highly convenient to transfer and modify the supporting files

in the customisation of product parts.

The market for AM is speedily growing its roots in numerous fields, for instance, automobile, medical,
aerospace, jewellery, fashion, high-end furniture, machine parts, electronics and many more. For AM,

the estimated overall market value was £1.5billion and £3.1 billion in 2011 and 2014 respectively which



is expected a massive fivefold growth by the year 2020. From £1.4 billion in 2014 the end use parts
could reach more than £7.9 billion at the end of 2020 [2]. Furthermore, Frazier [8] stated that if
manufacturing difficulties are rightly addressed in shorter time frames, the market value for AM may
shoot up to £80 billion per year by 2020; however, with all this positivity surrounding for AM, the
technique currently suffers from numerous deficiencies such as lack of design principles, manufacturing
guidelines and standardization of best practices when applied to high-value manufacturing. AM
techniques are moderately new and substantial research is required for sustainable growth to be realised
within this sector of manufacturing. Validation of mechanical, corrosive and thermal properties of the
formed component, limited availability of digital designs and their acquisition cost, integration of
hybrid techniques in design and production and the repair of parts are needed to be addressed in detail.
To highlight and capture the current major concerns associated with AM various authorities have jointly

prepared several AM roadmaps [9,10] directing focused research on critical issues.

International Organization of Standardization (ISO), British Standard Institute (BSI) and American
Society for Testing of Materials (ASTM) jointly defined AM as a ‘process of joining materials to make
parts from 3D model data, usually layer upon layer as opposed to subtractive manufacturing and
formative manufacturing methodologies’. The ASTM International Committee F42 has categorised AM
techniques into seven groups based on type and form of input material and heat source as shown in
Figure 1.1. Thompson [2] has clearly identified and categorised the types of materials that particular
AM processes can handle. Thus, based on feed stock material and the final required shape that to be
formed, a suitable AM technique can be chosen. Figure 1.1 reveals different types of materials that a
particular AM technique can handle which involves metals, thermoplastics, thermosets, ceramics and
wood. Therefore, it is not surprising to find a wide spread applications of AM products in different

sectors as discussed earlier.
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Figure 1.2 Typical classification of WAAM (adopted from [3]).

1.2 Wire arc additive manufacturing (WAAM)

Amongst these seven groups of AM processes, only four can produce parts using metallic material;
however, only one method, Directed energy deposition (DED), is capable of handling metallic filler
additions to produce an additively manufactured components. The feed capability includes powder as
well as wire form. The feedstock filler wire melting using an electric arc as a heat source is typical
combination of Gas metal arc welding (GMAW), Gas tungsten arc welding (GTAW) and Plasma arc
welding (PAW) that is now being used to produce WAAM parts (refer Figure 1.2). Apart from wire,

powder combination with laser and electron as a heat source is also the area of interests.

Further depending upon the process being used and to extend high deposition rate advantage of WAAM,
different combinations and variations in the WAAM process were experimented. Thus WAAM process
doe not only use GTAW, GMAW or plasma but also combinations of these with each other and with
different techniques such as laser and electron beam. Also, variations with respect to feed stock
chemistry, post deposition operation and many other different parameters were investigated in order to
improve the productivity, product quality and production techniques which is illustrated in Figure 1.3.
It is not possible to highlight all the experimented and possible combinations, however, noticeable
variation of the WAAM are incorporated. Single and double wire GAMW along with combination of
dip metal transfer techniques, wires of different chemistries/alloys that is formation of functionally
graded part, direct and alternative current combinations in GTAW, use of specially designed wire for
better product quality are some of the variations of WAAM associated with metal deposition
alternatives. There are few variations that focuses on post deposition operations such as interlayer
rolling (rolling of a top deposited layer immediately after deposition), unwanted metal removal by
milling immediately after deposition of a layer or single step forming (such as forging) applied after
formation of entire part are some examples of WAAM variations. Hybrid manufacturing that is
combination of additive as well as subtractive manufacturing is one of the attractions that supports near

net shape formation with increased productivity.
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Figure 1.3 Variations of WAAM techniques.

1.3 Aluminium

1.3.1 Properties of aluminium

Aluminium is the third most abundant element in the earth’s crust and is the most extensively used non-
ferrous metal with numerous applications ranging from building and construction, transportation,
containers and packaging, electrical, machinery, consumer durables to name but a few. The unique
property combination that aluminium possesses makes it arguably the most attractive and economical
metal. Aluminium is a lightweight metal (2698.8 kg/m?®) almost one-third density of the iron (7850
kg/m?) which highlights its usefulness within the land, sea and air transportation industries. In addition
to having lower density benefit the metal has a high electrical and thermal conductivity (237 W/mK)
which explains its wide use in the electrical and electronics industry. Aluminium also has excellent
corrosion resistance in most environments due to the instantaneous formation of an adherent oxide film.
Another important aspect of aluminium is excellent formability due to good ductility and malleability
along with good joining property and forgeability. Finally, aluminium possesses very good casting
properties due to its low melting point (660°C). Aluminium and its alloys are manufactured in many
different forms that can be broadly classified as standardized products including sheet, plate, foil, rod,
bar wire, tube, pipe efc. and engineered products, which includes products designed for specific
applications such as extruded shapes, forgings, castings, stampings, powder metallurgy parts, machined

parts and metal-matrix composites.
1.3.2 Market of aluminium

To fulfil growing high demands of aluminium usage, the manufacturing industry in recent years is
constantly trying to increase its production rate to newer heights. As per International Aluminium
Institute [11], the aluminium production worldwide reached 64.3 million metric tonnes in 2018 from
19.5 million metric tonnes in 1990 which was around 12.3 million metric tonnes in 1975. This sharp

upsurge in aluminium production clearly indicates high market demands and improved capability of



aluminium supply in recent years. It is worth noting that aluminium production in China alone is
contributing a massive 56% (36.4 million metric tonnes) of the total world aluminium production.
International Aluminium Institute categorises industry wise worldwide shipment of aluminium. Figure
1.4 points out the equal share of transportation and construction industry which is cumulatively exactly
half of the total aluminium shipment worldwide. Electrical and electronics industries (13%) along with
consumer durables and other (14%) shares aluminium shipments equally. Notably, machinery and
packaging industries are also contributing to aluminium consumption. The vast expanding automobile
and transportation industry assures rapid growth in aluminium consumption in the near future. The
reason for such huge demands for aluminium within the transportation industry is not only related to
the lightweight attributes that in turn lead to reduced fuel consumption, but also to the simultaneous

reduction in CO, emissions thus contributing to a greener environment [12].
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Figure 1.4 Worldwide aluminium shipments by industry in 2015.[11]

1.3.3 Deposition aspects for Wire arc additive manufacturing (WAAM) and welding

In present study, Gas metal arc welding (GMAW) process is considered for WAAM. Therefore,
conditions that are present during welding that can be correlated with WA AM as same metal deposition
process and material are considered. Aluminium alloys exhibit highly retentive oxide film, high
coefficient of thermal expansion, high solidification shrinkage, high hydrogen solubility and relatively
wide solidification temperature ranges. Strong chemical affinity of aluminium for oxygen forms
aluminium oxide (Al>Os) instantaneously upon exposure to air. The melting point of Al,Os is about
2050°C that sometimes causes difficulties such as incomplete fusion when the oxide layer is not

properly removed during arc on condition [13,14].

Porosity formation in aluminium welds is consistently being discussed amongst researchers as a need
to be addressed in literature. The primary reason given for porosity formation is associated with the
high hydrogen solubility in molten aluminium (7 ml/kg) and comparatively low solubility in solid form
(0.4 ml/kg) [15]. Liquid aluminium absorbs large amount of hydrogen from the atmosphere due to its
high temperature and as solubility of hydrogen reduces after solidification, excess hydrogen over
solubility limit forms pores creating porosity problem resulting unacceptable welds. Moisture on the

surface or in the form of hydrated oxide on the base metal or filler metal, lubricants on base metal or



filler metal, moisture in shielding gas, condensation inside the nozzle torch are considered as some of

the sources of hydrogen that must be removed or reduced to maximum extent.

Another aspect of aluminium that needs to be considered is alloy’s high thermal conductivity. Though
the melting point of aluminium is much less than that of ferrous alloys, the thermal conductivity of
aluminium is almost six times that of steel, which indicates the requirement of higher heat input due to
loss of heat to surroundings by conduction. Relatively broad range of solidification along with high
coefficient of thermal expansion and solidification shrinkage increases its susceptibility to weld

cracking.
1.4 Research background and rationale

The present project is based on the concept of and partially supported by the Kraken, a Horizon 2020
project of a European Commission. Kraken involved development of hybrid manufacturing system for
wire arc based additive manufacturing for aluminium alloys considering high deposition rate
manufacturing. With respect to the theme of Kraken, the present study focuses on wire arc additive
manufacturing (WAAM) of aluminium. Prior to the development of high deposition rate process, it was
paramount to understand the mechanical, metallurgical and structural properties of the final product
produced by WAAM. These properties of the part manufactured using WAAM technique are not fully
understood and are under investigation. From the literature, it is clear that metallic components
fabricated by WAAM method possess reduced tensile properties compared to wrought products, unique
directional properties and uncommon grain structure. A detailed discussion regarding the same can be
found in the literature review chapter. Apart from the discussed issues, Figure 1.5 enlists some of the
deficiencies that are commonly observed in WAAM object. Although this study was linked to the
Kraken project, aspect considered in this study were not completely aligned with the aim of Kraken
project. A separate paths were followed focusing on the effect of metal depositing parameters on

properties of deposited material as discussed in further part of this chapter.

Focusing particularly on the aluminium part formation by WAAM, imperfections such as presence of
columnar grains, porosity formation and solidification cracking were reported in the literature [16]. At
present, mentioned imperfections in the formed part are the prime challenges for researchers. Along
with these, complex metallurgical phase formation, elemental loss and reduced mechanical properties
are some of the limitations discussed in literature. A common problem in welding and WAAM
structures repeatedly discussed in literature is residual stresses. The particular topic is not fully
understood. Figure 1.6 illustrates the common deficiencies particularly found in WAAM processed
aluminium. Thus, the WAAM of aluminium is not mature enough for manufacturing components with
direct practical application; however, to raise the quality of the formed components mentioned issues
need to be tackled.

In order to address the deficiencies, various parameters can be identified for tackling specific type of
issues in WAAM object as shown in Figure 1.7. Thus, for minimising the defects, parameter can be
handled cautiously to improve overall product quality. For example, to achieve specific three
dimensional shape, peculiar deposition sequence through specific tool path planning will ensure
minimum material removal from the formed part and reduced tool movement increasing the
productivity.
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Figure 1.5 Deficiencies commonly found in an object produced using WAAM technique.
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Figure 1.6 Deficiencies commonly found in an aluminium object produced using WAAM technique.
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Figure 1.7 Parameters affecting WAAM product quality.

1.5 Project concept

This PhD work focuses on mainly three deficiencies mentioned previously that ultimately contribute to
the structural integrity of a component produced by WAAM technique. Conventional GMAW and its
variant cold metal transfer (CMT) technique are considered in this study. Aluminium wire composition
AAS5183 that is Al-Mg-Mn alloy is the main focused material. Unattended parameters associated with
WAAM robotic metal deposition were considered such as interlayer-temperature along with variable
heat input. Parameters followed are depicted in a chart format in Figure 1.8 that describes the overall
project concept.

Firstly, one of the important challenges of WAAM, welding and casting of aluminium is the elimination
of porosity which is correlated with hydrogen involvement in solidification process. Much of the efforts
have been directed towards the understanding of pore formation in solidifying aluminium; however, it
is still a major concern that needs a further in depth understanding of hydrogen dissolution and hydrogen
effects in aluminium. In the present work focusing on WAAM technique, metal deposition parameters
are varied in order to understand their effects on porosity formation and distribution as well as on

hydrogen dissolution (refer Figure 1.8).

Second aspect of the work is microstructure of WAAM part. Microstructure has always been the critical
issue that determines the mechanical properties. Presence of the epitaxial grains in build direction of
WAAM processed part irrespective of metal composition (aluminium alloy, titanium alloy or nickel
alloy) is not uncommon. As discussed earlier, therefore, unattended parameters in WAAM were applied
for building a part. Experiments were conducted including effect of change of specific mode of metal
deposition method such as pulsed GMAW and CMT in combination with heat input and interlayer
temperature and time to investigate their effect on microstructure (Figure 1.8).
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Figure 1.8 Project concept in concise flow chart.

Lastly, residual stress, a complex phenomenon in welding and WAAM is explored. Residual stress is
one the prime factors that directly affects the working performance of an in-service component.
Residual stresses in WAAM structures were investigated for high strength alloys namely titanium and
nickel based alloys through neutron diffraction and newly developing contour method. Although, the
literature included typical residual stress pattern in WAAM part for high strength alloys, the effects of
different deposition strategies such as interlayer temperature, heat input and substrate thickness on
residual stress distribution in WAAM deposit (described in Figure 1.8) is not investigated, particularly

for relatively low strength aluminium alloys.

Conclusively, effect of mode of metal deposition, interlayer temperature and heat input on the
microstructure and porosity were not discussed in open literature. Residual stress evaluation and
distribution in WAAM part of aluminium along with the effect of interlayer temperature, substrate
thickness, heat input and number of layers is not discussed. Therefore, the present work was carried out
investigating the microstructure, porosity and residual stresses in WAAM produced aluminium part as
a function of heat input, interlayer temperature and mode of metal deposition. More details about
interlayer-temperature and interlayer-dwell-time deposition methods can be found in literature review,

methodology and dedicated chapters on porosity, microstructure and residual stress.

1.6 Project objectives

The project is based on and research was conducted following the below mentioned research objectives
that would support designers while developing a WAAM object for practical applications —

1. To determine the combined effect of interlayer-temperature, interlayer dwell time, heat input

and mode of metal deposition i.e. pulsed MIG and CMT on the porosity formation and



distribution using the novel technique X-ray computed tomography (X-CT) scanning. Also, to
study the correlation between porosity and hydrogen dissolution in WAAM processed
aluminium 5183 alloy.

To investigate an effect of interlayer-temperature and heat input on the geometry of WAAM of
aluminium alloy part.

To determine the combined effect of interlayer-temperature, interlayer dwell time, heat input
and mode of metal deposition i.e. pulsed MIG and CMT on the microstructure of WAAM of
aluminium 5183 alloy.

To find out the effects of metal deposition variations such as substrate thickness, heat input,
deposition height and interlayer-temperature on residual stress formation and distribution using
the newly developed contour residual stress measurement method in WAAM of aluminium
5183 alloy.
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Chapter 2: Literature Review of
Wire arc additive manufacturing

(WAAM) and State-of-the-art of
WAAM of aluminium

2.1 Introduction

Although, the acronym WAAM has become an inherent part of AM terminology in recent past, the
concept of 3D welding and near-net-shape manufacturing is being exercised from almost 100 years.
With the advancement of welding technology many inventors practiced contemporary welding
techniques not only to join the wide variety of metal components but also to manufacture different types
of shapes such as receptacles, ornaments and parts of engineering interest such as pressure vessels [17—
19]. Through the innovative thought of depositing one type of metal on another to obtain enhanced
surface properties such as corrosion resistance, researchers exercised the welding technique for cladding
purpose to reclaim worn out machine components. These initial developments were considered as a
churning factor for the manufacturing of components solely by deposition of weld metal that further
gained an economic interest in manufacturing industries. Within the early stages of this technology
development, researchers identified its importance in terms of low-cost and lead-time saving through
using effective manufacturing process compared with the conventional subtractive and formative
manufacturing processes. Though the WAAM field is yet to be fully matured appreciable amount of
work is being done and potential results are advancing WAAM to a fully-fledged manufacturing
process. Many techniques were developed over the years possessing inter-relation and similarities with
each other that can be considered as a precursor of WAAM. Few can be named as: Shape Welding
(SW); Shape Melting (SM); Rapid prototyping (RP); Solid free form fabrication (SFF); Shape Metal
Deposition (SMD); and 3D welding.

2.2 History of Wire arc additive manufacturing (WAAM)

On a broader scale development of WAAM can be categorised into three timed sections. The first
‘beginning phase’ starting at 1920, second phase of ‘building-up background’ from 1970s until 1990s
and the last ‘development of new era’ phase can be extended to date. Figure 2.1 explains notable

achievements with respect to time scale and progress of WAAM over the 100 years [17,19-39].

In 1920, Baker [17] filed a patent naming ‘Method of making decorative articles’ which was assigned
to the Westinghouse Electric Manufacturing Company demonstrated the technique of constructing
receptacles and decorative articles using non-adherent substrate as detailed in Figure 2.2. The author

called the deposit as a ‘superposed deposit of metal’ manufactured using manipulated helical path of a
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fusible electrode. The consumable electrode path was manually controlled and the use of a suitable
contour and pantograph was devised when a large number of such objects was to be produced. Baker’s
invention of this formation of receptacles can be considered as the foundation stone in the development
of the WAAM technique which clearly showed the author's great vision that paved the way for the novel

technique.
1820 1932 Reclaimation 1833 Shaft dis 1947 195“;9“” e 1970
B - -n Decorative articles, of wornout drums enlargment layer- SAW cladding, high reg;:at‘\‘nm?:d ULS‘ Instant fabrication
eginning receptacles, by cladding of by-layer weld Cr, Ni without ke of 2.25Cr- 1Mo
ornaments abrasive material deposition cracking s pressure vessels
. 1971-72 Thick 1976 One piece 13983 1988 Elimination of 1989
Bu' IdTnE_u P walled circular shaft and rotor for Component " 1_954 microfissures by Automatic cooling
4 : 5 Fine grained Shape -
Back round pressure vessel by turbines and electric weighing 79T by ded controlling weld system to control
g layer deposition generator Shape Welding Wie ted EdipanEn: bead shape excess heat
. : = : . 2005 Strength &
Developm_ent 1992 Mid 19905 WAAM 1995 Off line 2002 b2 bered =
Unsupported development by programming Machining based anufackaric ! it
of new era Carbon steel wall Cranfield University procedure for slicing rapid prototyping e improvement. Large
(HLM) scale manufacturing

Figure 2.1 History of WAAM (adopted from [3]).

Figure 2.2 Superposed deposit [17].

In the same time period another similar patent entitling ‘Ornamental arc welding’ was filed [18] which
was also assigned to Westinghouse Electric Manufacturing Company (refer Figure 2.3). The author
claimed the invention of a technique for deposition of metal which became an integral part of the
substrate through impregnation of symbols, characters or ornamentation of a useful form and in an
aesthetic manner. Further the author described the effect of welding variables such as welding current,
travel speed and even torch oscillations in order to obtain desired weld bead geometry in terms of weld
bead height, width and penetration. One important factor that was highlighted in this patent involved
the process of heat management. The inventor mentioned the use of a base metal with high thermal
conductivity such as copper that helped in rapidly dissipating the heat and thus provided desired fast
cooling effect.

In 1930, Shockey [30] submitted a patent, which put forth an innovative approach to improving the life
of brake drums. Repairing and reclamation of worn out drums was made possible with a cost as low as
half that of the many other contemporary methods by depositing a metal by an electric arc in layers of
spiral form without interruption from beginning to end to avoid any defects at start and end points (see

12



Figure 2.4). Shockey not only repaired worn brake drums by cladding but also improved their expected
lifespan by using an abrasive resistant material as the clad overlay. Surprisingly, Shockey also studied
the concept of effective weld bead overlapping and mentioned that one-third area of the previously
deposited weld bead should be overlapped by the next weld bead to obtain the best results.

Figure 2.4 Machine for repairing and reclaimation of worn out drums [30].

In order to obtain a good and consistent weld bead geometry and higher deposition rate a continuous
wire feed supply is one of the essential parameters to maintain. On the similar line Nobel [23] introduced
the first known continuous wire feeding arrangement for electric arc welding; here Nobel discusses the
incremental enlargement of a shaft's diameter using a layer-by-layer deposition of weld metal with a
specially designed wire feeding apparatus. In another patent file by Carpenter and Kerr [24] assigned
to Babcock and Wilcox Company reached a milestone in WAAM development. The important aspect

of this patent was the cladding of retorts using high chromium and nickel that were normally subjected

13



to high temperatures during magnesium production using Submerged Arc Welding (SAW) process
(refer Figure 2.5). The patent disclosed the method of successfully depositing a weld metal of desired
composition required as per operational conditions by avoiding any cracks. The trend of inventing new
concepts continued into 1960s when White [25] invented a method of repairing rollers using the
Submerged Arc Welding (SAW) process. The notable innovative in this patent was the use of gas
burners used for preheating and post-weld heat treatment, and the important influence with which such
a thermal management played in controlling the shape and dimensions of the deposited bead, which is
believed to be the first time such a system was used.

Flg.2 “""'"I S s 1[&'\ " ‘-T'E'I“q" -
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Otis B Carpenter

Figure 2.5 Cladding of retorts with high Cr and Ni [24].

One the most important and notable patents in the history of WAAM is considered to be the *Method
of and Apparatus for Constructing Substantially Circular Cross Section Vessel by Welding' filed by
Ujiie [19] which was assigned to Mitsubishi Iukogyo Kabushik Kaishai, Japan. The invention was used
to manufacture of thick walled circular cross sectional pressure vessel solely by the deposition of weld
metal as shown in Figure 2.6. In addition to this major development the patent also reveals the
application and importance of the machining of inner and outer surfaces of the formed object
immediately after cooling of the weld metal. This invention was considered an effective cost saving
manufacturing approach to manufacture a pressure vessel when compared with the conventional
approach. To achieve high deposition rates the author utilised Resistance electro slag welding (RESW)
and Shielded inert gas metal arc (SIGMA) though the use of Gas tungsten arc welding (GTAW) and

Submerged arc welding (SAW) were also recommended.
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Figure 2.6 Thick walled circular cross section pressure vessel by shape welding [19].

In another patent Ujiie [33] discussed different approach of employment of three electrodes obtaining
increased weld deposition rate via a short circuiting and spray mode transfer in Gas metal arc welding
(GMAW). A major break-through for the WAAM technology was the fabrication of one-piece large
diameter metal shafts for turbines and electric generators. The patent was filed by Brandi and Luckow
[26] which was assigned to the August Thyssen-Hutte AG Company described the method of
fabricating good quality product without any defects by deposition of weld metal layer by layer. An
effective thermal management method had also been considered during manufacturing in which authors
highlighted the need of an online monitoring system for controlling of residual stresses and distortion
in a formed component. The overall process depicted the possibility of high weight product

manufacturing.

To manufacture parts with Shape welding (SW), Shape melting (SM) and 3D welding techniques, it is
paramount to check the integrity and overall mechanical and metallurgical properties of the formed
component in order to achieve suitable in-service capability. Along with those major industries who
had made huge investments in developing these techniques in 1960s many universities started showing
their due interest in arc based rapid prototyping (RP). At the University of Stuttgart in 1983 Thyssen
AG and the State Materials Testing Institute jointly carried out research on mechanical and
microstructural properties of a SW 79t component manufactured using four SAW tandem head stations
at a deposition rate of 20 kg/h in 6 weeks [34]. Refer Figure 2.7 for photographic representation of the
formed component. SW research and development work was undertaken further by Thyssen AG in
1983 resulted in creating a development facility for the production of large mass components weighing
up to maximum 500,000 kg with lengths up to 11m and diameters ranging between 2.5 to 5.8 m. In

1987, Million and Zimmerman [40] filed a patent that disclosed the method of formation of a fine
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grained shape welded component using the 10MnMoNi5-5 grade steel through precisely controlling the
weld bead profile.

Figure 2.7 Shape welding machine with 79 metric ton cylindrical shell [34].

The work undertaken by researchers proved its difficulty during product development using MnMoNi
materials due to higher susceptibility to stress-corrosion cracking. Despite stringent parameter
monitoring and control of welding parameters 10CrMo09-10 shape welded pressure vessel underwent
catastrophic failure, furthermore the alloy 20NiCrMoV14-5 also revealed cracks [41]. A detailed
investigation revealed that both materials had low fracture toughness properties. CrMo and NiCrMoV
steel grades also manifested cracks in during annealing, inferring that the re-heat cracking is also a key
attribute to consider for future development. These cases adversely impacted the development of shape
welding and allied techniques. This was considered a major setback for commercialisation of SW
technology with respect to the manufacturing of heavy products of high alloy steels. This technique is
still facing unresolved problems which need to be addressed for unrestrained growth of WAAM
technique. This setback, whilst concerned with low alloyed steel could not prevent the growth of SW
technology. In one patent Million and Zimmerman [40] studied the shape deposition and concluded that
comparatively low deposition rate processes such as GTAW and GMAW compared to SAW and
resistance welding could play a decisive role in fabrication of complex shapes. The use of GMAW and
GMAW-P can precisely control the size and shape of deposited weld metal and thus can eliminate the

posterior down-hand position technique.

A constant effort put by researchers in the field yielded constructive paths. Babcock and Wilcox
Company filed another important patent on SW in 1987 by Ayers et al. [28]. The authors experimentally
showed that if the weld bead dimensions were closely controlled by controlling welding parameters
during weld deposition unwanted micro fissure which was major concern in the welding of austenitic
materials can be successfully eliminated. The inventors argued that the presence of any sharp
discontinuities raises the probability of micro fissure formation, and so close control over weld bead

shape formation can greatly reduce or even prevent the formation of micro fissures, moreover
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researchers discussed the effect that other variables had on their formation and suggested the use of
optimised welding variable including heat input, travel speed, wire feed speed and torch oscillation
(refer Figure 2.8). With advancement of SW technology it was not surprising that researchers precisely
pointed out the need for developing an automated thermal management system during weld deposition
for effective control of distortion thus final shape of the product and to obtain isotropic mechanical
properties and microstructural features. With all these considerations of prior work one patent filed by
Doyle and Ryan [29] who were employed by the Babcock and Wilcox Company developed an
automatic cooling system by providing feedback of temperature and pressure data to a computer which
regulates the flow of coolant through guiding nozzles.
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Figure 2.8 Elimination of micro-fissures by controlling welding parameters [28].

Another important milestone in the field of 3D welding was the development of unsupported walls
made of carbon steel by the layer-by-layer fashion built by Dickens et al. [35] using the robotic GMAW
process and on-line point to point programming. The programming was done manually which was time
consuming process. Further authors studied the effect of critical welding parameters and bead
dimensions on surface quality and wall thickness of built wall. The effect of variation of welding
parameters such as current, voltage, torch travel speed, wire feeding rate on weld bead height and width
and on the wall thickness were independently studied. The author highlighted the need of online
monitoring of welding variables in order to control weld bead shape ultimately controlling the shape of
the component. Temperature sensor became vital part of the SW technology when Spencer and Dickens
[42] put forth study of achieving the surface quality improvement by controlling temperature and thus

thermal cycles.

Rolls Royce in 1990s directed efforts in manufacturing of aero engine components. The motive behind
this focused work was high manufacturing cost of the aero engine components with conventional
subtractive manufacturing method which can be minimised by shape manufacturing. The material
wastage was the main concern with the subtractive manufacturing which tremendously raises BTF ratio
and conclusively adds up to final manufacturing cost. Rolls Royce started working with Cranfield
University to find newer and cheaper routes of manufacturing of aero engine components through shape

deposition. The pioneering work has been carried out at the Welding Engineering Research Centre
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(WERC) in Cranfield University discovering a new area of research naming Wire arc additive
manufacturing (WAAM). Initially work was highly focused on manufacturing of aerospace components
mainly titanium based alloy so that material saving would result in huge cost reduction. This particular
work interested many researchers who followed an extensive work on titanium alloys with WAAM
technique. In 1991, McAninch et al. [43] utilised GMAW to produce functionally graded material that
is components with varying mechanical and corrosion properties considered as a cost effective method
at the requirement of local property variation. Ribeiro and Norrish [36] developed offline programming
system for WAAM that allowed slicing of the computer-aided design (CAD) model to deposit a metal
in a prescribed layered format to develop the desired final shape. Required weld bead dimensions were
defined manually and system subsequently specified corresponding welding parameters automatically.
In another study by Zhang et al. [44] were able to slice the final component into number of layers using
the initial graphics exchange specification (IGES) format. Researchers not only advised for the need
incorporate ignition time, ignition control, crater filling control and other weld parameters affecting
weld quality into welding programme, but also predicted that a small wire diameter with high current

carry high droplet transfer stability can produce good quality products.

The WAAM development and process complexity graph is depicted in Figure 2.9. It outlines a smooth
rising curve for process development due to invention of newer techniques. From the commencement
of manufacturing of ornamental objects where the process complexity was adequate researchers
progressed to fabricate an entire pressure vessel using alloys such as the 10MnMoNi5-5,
20NiCrMoV14-5 grades in 1980s. At that time WAAM development could be considered at its peak
and with constant process improvement, WAAM was a regular, handy and less complex manufacturing
process; however, observed cracks in the formed pressure vessel impaired the process development
which is showed as a plunging curve. Researchers concentrated only on the deposition rate and the
shape of an object, however, the prime factor of quality and fit-for-service was out of focus. This
approach restricted the prominent growth of the technique and the sector remained stagnant or even
witnessed a downfall due to lack of structural and quality improvement. At similar time computer
controlled systems were becoming a key in enhancing capability of the manufacturing sector due to the
increased possibility of automation that could result in aiding the capability to produce high-end quality
products, in an economical manner that was not possible prior to this digital renaissance. Thus WAAM
re-development stage can be seen from start of 1990's along with raising complexity owing to wide
research and more advanced testing availability compared to earlier times. This fact provided freedom
for inventors in terms of materials handling capability, formulation of the process and conceptualisation
of final shape. Further, automation omitted the use of traditional manual and machine operations which
was entirely different approach in manufacturing. After due interest by Rolls Royce and Cranfield
University and contemporary developments in manufacturing reinvented WAAM technique. Along
with the process development, various advanced testing techniques also emerged that forced more
stringent passing criteria on a shaped object. Thus, although the process has developed significantly
since 1990s, this also increased process complexity in terms of satisfying different testing criteria and

object readiness to operation.
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Figure 2.9 Development and complexity of the WAAM process over the years [3].

2.3 State-of-the-art of Wire arc additive manufacturing (WAAM) technique

In the following years substantial research work was carried out on possibility of using several welding
processes such as electron beam welding (EBW), laser beam welding (LBW), gas tungsten arc welding
(GTAW), plasma arc welding (PAW) and many more and different metals primarily Ti, Ni, Al alloys
along with steels. Many theoretical and practical modelling research projects were put forth in
advancement of WAAM. Up until 1995, appreciably less attention was focused on mechanical
properties and microstructural features, where hardly any work was directed towards the development
and enhancement of such properties. Later efforts were directed towards the development of automated
techniques and quality improvement of the product through measurement of residual stresses,
observation of microstructural features, computer aided simulation of WAAM process and many more.
Many innovative approaches were applied to obviate structural deficiencies in WAAM component
through wide variety of views but not limited to design, process variation, forming appearance,

interlayer rolling, and fatigue and fracture toughness (Table 2.1a to c).
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Table 2.1a Major areas of study of WAAM technique in the recent past.

Area of . Material / Filler Studied
Study Year Specific area of study wire by
Cross structures
Root path determination Steel [43]
2011 Inclined wall preparation
Preparation of horizontal Steel (ER70S-6), [46]
wall and closed shape Aluminium (4043)
Deposition patterns Mild steel, Titanium
Design Cross structures (Ti-6Al-4V) [47]
2014
Tool path planning Mild steel [48]
2015 Hybrid manufacturing - [49]
2016 T-crossin Steel (ER70S-6) [50]
Hybrid manufacturing using
2014 Twin wire GMAW Steel (ER70S-6) & 51]
Steel ER110S-6
Double electrode GMAW Steel (HO8Mn2Si) [52]
Dissimilar twin wire
2016 deposition (functionally Zteei 55%71%88-6(21 & [53]
. . tee -
Process variation gradient part formation)
Double electrode GMAW Steel (HO8Mn2Si) [54]
Hybrid manufacturing with o
milling Aluminium 2325 [55]
2017
Hybrid manufacturing Steel (ER70S-6) [56]
2018 Dissimilar tw1.n. wire Aluminium ER2319 (57]
GTAW deposition and ER5087
2013 Fatigue life Titanium
(Ti-6Al-4V) [58]
Fatigue crack growth Titanium 9
: . 5
Fatigue failure 2016 propagation (Ti-6Al-4V) [>9]
and toughness Fatigue crack path selection Titanium [60]
(Ti-6Al-4V)
2017 Fatigue crack growth rate Titanium
(Ti-6Al-4V) [61]
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Table 2.1b Major areas of study of WAAM technique in the recent past (continued).

Area of i i i
Year Specific area of study Materla.l / Filler Studied
Study wire by
* Finite elemental structural
2007 study Steel (Simulation) [62]
2005 * Deformation modelling Steel [63]
2011 » Computer simulation Steel [64]
= Blind-hole method and
2013 numerical modelling Steel [65]
* Neutron diffraction Steel [66]
Steel, Aluminium
2015 = Distortion control and Titanium [67]
(Ti-6Al-4V)
= Computational model for
twin wire AM Steel (ER70S-6) [68]
Residual stress " Dullcdeformation Steel (ER705-6) [69]
* Microstructure Titanium [70]
(Ti-6Al1-4V)
» Finite element modelling Titanium 1]
2016 (Ti-6Al-4V)
= Neutron diffraction Steel [72]
* Finite element modelling
and X-ray diffraction Steel [68]
= Neutron diffraction and o
Contour residual stress Titanium [73]
measurement (Ti-6Al-4V)
= Neutron diffraction and )
2017 coordinate measuring Stainless steel 74
: 316L [74]
machine (CMM) ( )
2019 * Finite element modelling Steel [75]
2010 | = Application for Ti-6Al-4V | Titanium [76]
(Ti-6Al1-4V)
= Parametric study with AISi5 | Ajyminium (AISi5) [77]
2014 » Variants of CMT technique o
Cold metal = Effect on porosity Aluminium (2319) [78]
transfer (CMT —
(CMD) 2017 » Wall and block structure Aluminium [79]
(ER2319)
» Varying polarity and
2018 microstructural Al-6Mg [80]
considerations
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Table 2.1c Major areas of study of WAAM technique in the recent past (continued).

Area of i i i
Year Specific area of study Materla.l / Filler Studied
Study wire by
2014 Passive vision sensor Steel 81]
system
Parametric study Steel [82]
2015
Bead overlapping factor Steel [83]
Forming Double e.lectrode GMAW Steel (HOSMn2Si) [54]
appearance parametric study
2016 Minimum angle and Aluminium 5A06 [84]
curvature of radius
Control of arc start and end | Steel [85]
2017 Inclined wall structure Steel (HO8Mn2Si) [86]
Effect of different profiled Steel (ER70S-6) [66]
rollers
2013 Titanium
Grain structure refining [39]
(Ti-6A1-4V)
Distortion Titanium .
2014 Refined microstructure (Ti-6Al-4V)
Reduction of residual Titanium (87]
stresses (Ti-6Al1-4V)
| i Titanium
Interlayer-rolling Controlling residual stresses [88]
(Ti-6A1-4V)
Precipitation hardenable Aluminium [89]
alloy (ER2319)
2016 Porosity formation o
behaviour in work and Aluminium [90]
precipitation hardenable (ER2319 and 5087)
alloy
B grain refinement in Ti- Titanium [20]
6Al-4V (Ti-6Al1-4V)
2017 Al-Mg4.5Mn allo Aluminium [91]
g y (ER5087)
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Mehnen et al. [45,47] highlighted difficulties and discussed probable solutions for cross structures
whereas Kazanas et al. [46] performed experiments to build inclined and horizontal wall first time. In
order to improve the production rate, performing tools should have minimum movement and idle time
was studied by Ding et al. [48]. As discussed earlier, different processes, process combinations and
materials combinations such as twin wire GMAW [51], double electrode GMAW [52,54], dissimilar
twin wire (functionally gradient part production) [53,57], hybrid manufacturing [22,55,56] efc. were
experimented. Welded structures predominantly shows residual stresses due to molten metal
solidification. Following similar condition, WAAM part also showed stresses however, its distribution
and pattern for different shapes is not yet fully understood. Computational [62,64,68] and experimental
approaches [38,66,74] were undertaken in order to study the distribution of residual stresses. Original
shape of a single layer contributes towards the final shape of the WAAM part. Researchers focused on
forming appearance [81,82,84,86] as discussed in Table 2.1a to d. Interlayer rolling concept was upheld
my researchers owing microstructural and stress control advantages [21,39,66,87]. Low heat input
process namely cold metal transfer (CMT) was widely incorporated in WAAM field irrespective of
metallic alloy [76,79] used for WAAM part formation.

2.3.1 Cold metal transfer (CMT) and its application

CMT technique, advanced version of GMAW process, has been well noted and widely accepted by the
industries due to its unique advantages such as less heat input, capability of production of spatter free
and good quality welds [92,93]. Electro-mechanically controlled high speed metal transfer, doctored
method of metal transfer, regulated arc length allowing lower heat input are the distinguishable features
of CMT from conventional GMAW. Dip metal deposition remains the primary metal deposition
technique in CMT operation. Cold metal transfer is a relative term that evolves from comparison to
conventional GAMW processes. Periodical fluctuation of current and voltage between minimum and
maximum reduces overall energy input reducing the heat average making process relatively less hot.
The typical current and voltage variations in CMT process are shown in Figure 2.10. There are four
variations of CMT technique namely, conventional CMT, pulsed CMT (CMTP), CMT advance
(CMTADV) and CMT pulse advance (CMTPADV).
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Figure 2.10 Current and voltage waveforms of the CMT process.
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2.3.1.1 Cold metal transfer (CMT) operation

The difference between conventional pulsed GMAW dip metal transfer mode and CMT mode is
depicted as a cyclogram of voltage versus current in Figure 2.11 and Figure 2.12. Further Table 2.2
highlights the operational differences between the two. Below are the four stages of CMT metal transfer
that operates in a cyclic order.

(1) Arc burning — A hot stage with full arc ignition due to high voltage and current. A metal globule
formation at the feed wire tip due to heating up to its melting temperature.

(2) Arc collapse — A cold stage in which feed wire touches liquid weld pool by extinguishing arc and
supplying a liquid droplet formed at its tip.

(3) Short-circuiting — Instantaneously after wire touches weld pool in stage 2, filler wire is mechanically

retracted back with the help of advanced electronic circuitry. No any resistance heating observed due
to maintenance of low current during short circuiting time.

(4) Arc re-ignition — Arc re-establishes due to the increase in current and voltage as feed wire retracting.

With increased distance from weld pool, electric energy increases again forming a hot phase of CMT
operation.
Mechanical retraction and almost zero current flow during short circuiting is the innovative part in CMT

operation. This reduces unnecessary energy supply and temperature rise with improved metallurgical
properties and reduced spatter. A difference in operation between dip metal transfer of conventional
MIG and CMT is shown in Figure 2.11 [94] and Figure 2.12 [Private communication with Geoff
Melton, Jan 2018].
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Figure 2.11 Cyclogram of voltage versus current depicting conventional dip metal transfer mode in
GMAW [94].
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Figure 2.12 Cyclogram of voltage versus current depicting CMT transfer mode (adopted from [3]).

Table 2.2 Operational comparison of dip metal transfer mode of GMAW and CMT (adopted from [3]).

Dip metal transfer in GMAW CMT
Stage
Current | Voltage | Wire feed | Current | Voltage | Wire feed
Arc burning LD SD Feed LI SI Feed
Arc collapse SI LD Feed LD SD Feed
Short circuiting LI SI Feed SI LD Feed
Arc re-ignition SD LI Feed LI LI Retract

*Note - LI - Large increase, LD - Large decrease, SI - Small increase, SD — Small decrease
2.3.1.2 Heat input calculation

The traditional formula (Equation Eq. (1)) for heat input calculation considers average heat input which
does not accurately applies to newly developing welding techniques with pulsing involved. Therefore,
it is advisable to consider instantaneous current and voltage values can provide precise heat input value
as mentioned in Equation Eq .(2) [79,90]. It was observed that heat input calculated from Equation Eq.
(1) can show an error up to -14.6, 16.6 and 9.1% for MIG/MAG Pulse (RapidArc) Transfer (DC)
processes, MIG/MAG Pulse Transfer (DC) and MIG/MAG Short Arc Transfer (DC) respectively
[95,96].
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Voltage x current

Heati t(HE) = Eq. (1

eat input (HE) TS q. (1)
nzz Ii x Vi

-1 Z Eq.(2

Heat input (HE) = lf[,ls 1)

where Vi and Ii are instantaneous voltage and current values, TS is torch travel speed, z indicates the
number of values considered and 1) is efficiency of the process. Following the later equation, researchers
published heat input of four variants of CMT. Heat input varied as lowest for CMT-PADV process and
highest for CMT which were 135.4 and 366.8 J/mm respectively. For CMT-P and CMT-ADYV processes
the values were 331.6 and 273.4 J/mm respectively [92] for identical wire diameter, torch travel speed
and wire feed rate. The calculations suggest that as pulsing was increased, actual heat input decreased.
Thus, actual heat inputs of CMT-PADV, CMT-ADYV and CMT-P were 0.36, 0.74 and 0.9 times that of
CMT respectively. With conventional dip metal transfer process, heat input normally remains above
400 J/mm; however, globular and spray transfer mode, heat input crosses 1000 J/mm (for wire diameter
1.2 mm). This explains the importance low heat input CMT process and the fact significantly impacts

material properties in additive manufacturing.
2.3.1.3 Applications of cold metal transfer (CMT)

Owing to all these advantages of the process, CMT finds applications in numerous sectors. Due to low
heat input, the process is satisfactorily applied for welding of aluminium sheets [97] considering
minimal chances of burn through and warpage as well as for cladding of aluminium and Ni-based alloy
[98—100] with low dilution rates. Improved mechanical properties by CMT application compared to
GTAW and GMAW were reported by Elrefacy [101] for 7xxx aluminium alloys. Also, higher yield
strength was reported by Gungor et al. [102] for 5xxx and 6xxx aluminium alloys welded with CMT
than to any other welding process earlier studied. The new technique has claimed the ability to produce
low volume of intermetallic compounds during dissimilar metal welding that has triggered dissimilar
metallic weldings such as Mg-Al [103] and Al-Ni [104]. Expanding applications of CMT to thicker
sections, Pickin and Young [97] quoted that the CMT-P produces a good quality weld with thin and
thick sections. With proper adjustment of characteristic parameters metal transfer behaviour can be
optimised for improved weld properties that can suitably be applied for additive manufacturing of

aluminium, Wang et al. [93] deduced from the experimentation.
2.3.2 Forming appearance

To understand the characteristics of metal deposition in a layer deposition format and to avoid unwanted
imperfections parametric study is of prime importance. This involves the study of effect of the change
of process (welding) parameters on bead/layer geometry at different layer heights during part building
and at bead/layer overlapping (in multi-layer multi-bead) as well as controlling of process (welding)
parameters the start and end of layer deposition. The formation of heat sinks at the start counts for
wrinkle formation and unrestrained flow of weld metal [44,82]. To tackle heat sink effect and to obtain
a smooth part profile, insistence was given on developing layer start and end strategies. Increased torch
travel speed and arc voltage compared to mean process parameters with same current at the arc striking

and decreased torch travel speed at the arc stop has emerged an acceptable layer appearance technique
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for the creation of open and closed loop WAAM objects as per Xiong et al. [85]. Also the authors
reported that the technique supported in elimination of bulge at layer start and scallop at layer stop (refer
Figure 2.13 and Figure 2.14). In one of the studies by Geng et al. [84] reported the minimum angle and
curvature of radius viable with WAAM is 20° and 10mm respectively. Though the study highlights an

important limitation, the minima are subjected to vary with different bead dimensions and filler metal

alloy chemistries as the particular study was with bead width of 7.2mm.

P P — i o~ -_r o T o S

Figure 2.14 Single-bead, multi-layer WAAM part with controlled (adopted from [3]).

Ding et al. [83] studied multi-layer overlapping for determining the ideal distance between the two
adjacent layers. The study concluded that the critical distance between the adjacent layers should be
0.738 times the bead width (w). The value is different from the historical value of 0.667w which
suggests overlapping of one third of bead area. As this experimentation involves study of only one steel
alloy, the results cannot assure its applicability to all metallic alloys because each alloy possesses unique
material characteristics varying from wettability, viscosity, molten metal flowability and surface
tension. Aluminium 4xxx series alloys reveal greater flowability than 5xxx series alloys. While
considering the formed component’s overall structural integrity penetration, lack of fusion and dilution

need to be accounted before conclusion.

As stated by Adebayo et al. [105] the travel speed of welding torch should be restricted to 0.6 m/min to
avoid the defect of humping which can affect WAAM productivity. Defect formation in WAAM can
be well understood my practical studies, however, systematic statistical analysis of defects following
Wei [106], Pradtl and Marangoni [107] numbers and Rayleigh’s theory [108] could enhance the
understanding. To avoid humping in WAAM the understanding of correlation between effect of volatile
elements, surface tension, pitch formation, power density with power distribution and amplitude of
humping is necessary. Reduction of backwards metallic flow during deposition using reactive shielding
gases and suitable torch angle as described by Nguyen et al. [109] could be valued in WAAM

development.
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2.3.3 Interlayer rolling

A peculiar problem of formation of highly directional columnar f grains (as long as centimetre scale)
along the build direction in Ti-6Al-4V alloy, particularly in directed energy deposition AM technique
such as WAAM was reported by many investigators [38,39,70]; however, Szost et al. [70] notified that
the epitaxially grown f grains in an opposite direction of heat flow from a partially melted substrate
occurs with the absence of nucleation barrier and without undercooling with specific conditions such
as presence of strong thermal gradient, matching chemistry of feed stock and substrate and the presence
of completely liquefied filler metal. The phenomena is completely different opposed to that usually
found in wrought products and affects directional strength [39].

The application of rollers with specific load conditions introducing strain at each layer was
experimented as one of the solutions of this peculiar problem [20,21,38]. The instigation of dislocations
through the rolling process at the wall surface was impressively successful in disturbing the epitaxial
grain growth and produced grains with size down to 100 microns [20]. These newly formed small grains
interrupt the grain growth in specific <001> direction by acting as a substrate for the successive
depositing layer. Also, the recrystallisation temperature of £ phase gets reduced due to instigation of
plastic strain. Recrystallisation is a function of temperature; however, Martina et al. [21] claimed that
the strain remained a primary affecting parameter instead temperature in this case. Therefore,
recrystallisation can be accelerated by the introduction of higher dislocations through increased strain
thus, loading pressure by roller forming smaller prior § grains. Additionally, compared to profiled and
compound rollers, flat rollers found to provide better microstructural properties in WAAM part by the
strain effect. Considering final shape and size of a WAAM product having different thicknesses, it is
important to know the actual amount strain value that should be introduced at each layer. Researchers
failed in reporting the actual amount of strain that was produced at the top of each rolled layer that
helped in producing randomly oriented grains. Application of load not only improved the microstructure
but also reduced the residual stresses in the forming component. A section 2.3.4 details the
investigations carried out on the effects of application of rolling on residual stress reduction and
redistribution in WAAM. An effect of interlayer rolling on WAAM of aluminium is detailed in section
2.5.

2.3.4 Residual stress

Residual stresses arises due to contraction of molten metal during solidification when deposited on a
substrate. Contraction of liquid metal creates tensile stresses in a deposit and thus equivalent
compressive stresses in the substrate [65]. The effect is remarkable in additive manufacturing in which
the deposition part successively adds up tensile stresses and invariably balances compressive stresses.
A deposition of metal in a multi-layer format forces previously deposited metal to undergo stress

accumulation and relaxation cycles.

While considering the WAAM system, statistical, analytical and computational study of residual stress
distribution in formed WAAM part and substrate is necessary. A large thermal stresses are developed
in a WAAM deposit and balancing in substrate due to periodical contraction and expansion of deposited
metal as the result of addition of noticeable amount of heat during new metal deposition in a layer

format. To understand the residual stress distribution and to reduce its magnitude in a WAAM part, the
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generation of optimum tool path and build strategy through computer simulation has been exercised
[32,62-66,68,71,75,110-113].

Alimardani et al. [112] studied the importance of preheating that not only supported in reducing the
overall thermal stresses but also the formation of steady-state molten metal pool. In the modelling of
AM part formation by Ti-6Al-4V powder and electron beam, Vostola et al. [71] described an
ineffectiveness of change of base parameters such as electron beam size, beam power and scanning
speed on the residual stress reduction; however, authors found that every increase of 50°C in preheating
temperature of a powder bed reduces residual stresses by around 20%. Mughal et al. [63] highlighted
the fact that during continuous metal deposition, preheat supported in reducing the distortion. Further,
authors reported the prominence of interpass cooling as during continuous metal deposition substrate
temperature increases which reduces the process efficiency as well as imparts dimensional losses and
poor surface finish to the forming part. According to their study, different deposition sequences have
limited effect on deflection, however, it alters residual stress distribution. Further, authors mentioned

that heat sink and interpass time are the main variables in related to the deformation of AM part.

Lei et al. [113] studied the effect of different interlayer dwell times on temperature variation. In
multilayer metal deposition in round shape, interlayer dwell time became invariant with respect to the
maximum temperature gradient after fourth layer, however, in continuous deposition mode gradient
decreases steadily. In one of the studies on residual stress formation and distribution, Zhao et al. [65]
noted that for the first layer deposition on the substrate, at the deposit region tensile stresses developed
due to liquid metal solidification shrinkage and corresponding balancing compressive stresses appeared
at the substrate away from the deposit. In multilayer approach, it was found that the heat treating effect
of rear layer deposition on fore layer released tensile stresses and overall stress found reducing with
increasing number of layers. Simultaneously, increase in substrate temperature also reduced tensile
stresses; however, authors noticed that overall and peak residual stress increased by increasing
interlayer idle time as it allowed more time for deposit and substrate to cool increasing contraction and
expansion cycles for deposit and substrate. Highest stress was found at the top layer which did not
undergo the heat treating effect and also peak stress dependent upon the interlayer idle time, hence
interlayer temperature. Li et al. [75] studied stress distribution in circular WAAM part in which they
restated the stress release effect of rear layer on fore layers along with decrease of overall stresses with
increase of number of layers. Describing the nature of the stresses, further authors found dominance of
tensile longitudinal stresses compared to transverse and axial stresses. High stress fluctuations were
reported at the arc start and arc end points, however, stress fluctuations were smaller at midpoints. In
multilayer single pass modelling approach, Zhao et al. [111] confirmed the effects of stress relaxation
by deposition of next layer. Maximum stress at the point found to be decreasing as the number of layers
were increasing. Authors reported the central part of deposition had relatively stable stress condition
compared to arc start and end parts and last layer found dominating effect on deposit’s overall stress
condition. Importantly, metal deposition in same direction showed increased stress and plastic strain
than reversed metal deposition, hence, parameters optimisation found to have control on residual stress

and plastic strain.

On the contrary, Ding et al. [64] reported uniform stress distribution with a minute effect of preceding

layer on following layers. Acting bending moment and bending distortion after unclamping had
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appreciable influence on the stress redistribution at the interface than at the top of the wall. In another
study using neutron diffraction, residual stresses as high as close to yield stress of a material were found
to Ghasri-Khouzani et al. [74]. Also researchers reported the importance of part height where maximum
stress fluctuation was observed in Smm thick samples than 10 mm. Brown et al. [72] also confirmed
the presence of high tensile residual stresses in longitudinal direction greater than the yield point of the
materials. In experimental study Colegrove et al. [38] highlighted the occurrence highest tensile residual
stress value around 500MPa at the interface region for Ti-6Al1-4V alloy. Further, authors reported the
stress relaxation and redistribution after unclamping. Compressive plastic strain in the deposit was held
responsible for upward bending that relaxed tensile stresses at the top of the deposit, however, increased
stress was reported at the bottom of the substrate. Somashekara et al. [68] studied the effect of different
deposition patterns on residual stress evolution by finite elemental method. Authors disclosed the
critical role of temperature distribution in residual stress evolution for different patterns studied. During
deposition tensile residual stresses at the top of the substrate were found much lower than bottom side.

Conversely, after deposition major changeover was observed.

To eliminate distortion and to balance residual stresses, creation of two WAAM objects on both sides
of a substrate is the back-to-back building strategy proposed by Williams et al. [45]. Also, to equally
distribute arc heat on both sides of predefined plane of the substrate, symmetrical building can be an
approach. Certainly, for the applicability of these approaches validation through practical results and
computer simulation is highly recommended. Researcher [45,47,50] proposed simplified operation of
metal deposition sequence such as corners, junctions and cross-overs that can be produced by WAAM
part with minimum tool movement, defects and reduced residual stresses saving overall operation time.
Kazanas et al. [46] demonstrated the possibility of formation of horizontal WAAM walls by varying
torch angels from vertical to horizontal. Thus, if suitable torch angle and metal deposition parameters

are maintained then using WAAM, closed hollow 3D shapes can be manufactured.

Researchers applied interlayer rolling for residual stress reduction because deposits revealed majority
of tensile stresses and counter compressive stresses could be imposed by rolling. The formed high
tensile stresses the longitudinal direction and implied distortion were appreciably reduced by this
process. Different types of rolling methods were investigated such as application of various loads
varying as 25kN, S0kN and 75kN, rolling after each layer deposition and rolling after every 4 layers
and use of different profiled rollers such as slotted and profiled roller and so on [66,69]. Martina et al.
[73] performed contour and neutron diffraction experimentation on Ti-6Al-4V. It was observed that
maximum stress of around 500 MPa at the interface region were reduced drastically up to 200 MPa
after rolling with 75kN load. The top layer of the deposit showed compressive stresses of the order of
250 MPa in unrolled sample and stress value rose up to 400MPa after rolling with 75kN load. Authors
further reported that application of rolling appreciably reduced the distortion and alternation in part
geometry after rolling process. Colegrove et al. [66] reported that the slotted rollers provided better
results in reducing lateral deformation and residual stresses compared with profiled rollers. Also, in
order to reduce the production time researchers applied rolling after every 4 layers which revealed no
appreciable difference in the results when rolling was applied for each deposited layer. Colegrove et al.
[69] while working on Ti alloy emphasised that the rolling process which reduces lateral deformation

such as slotted rollers and side roller effectively reduces residual stresses.
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2.3.5 Process variation

For higher deposition rate, application of two or more feed stock wires for WAAM part formation has
been another area of interest for many industries. In the similar line, along with twin-wire GMAW [51]
application of GMAW and DE-GMAW was studied [52,54] for the benefit of higher deposition rate.
The latter process that is GMAW + GTAW was found to be beneficial with respect to lower heat input,
reduced average temperature and smaller dimensions and volume of liquid weld pool without
compromising the production rate. As can be predicted from the constitutional supercooling theory,
highly directional columnar and cellular grains can be foreseen from relatively less energy input for the
same volume of filler metal melting (thus producing forced cooling effect) was the unattended part of

the study that could be the topic of interest for materials scientist [114].

The advancement of WAAM can be benefited by the study of mechanical and microstructural properties
of DE-GMAW and cold metal transfer (CMT). Before manufacturing and producing operational
functionally graded parts studied by many researchers [51,53,57], a deep understanding of filler metal’s
fundamental behaviour under single electric arc producing widely different compositions is essential.
The hybrid manufacturing possesses advantages such as attractive cost and real time reaping during
manufacturing that involves the concept of addition of metal by arc and subsequent removal of part of
it forming the near-net-shape object with a desired surface finish, however, the concept is still
underdeveloped. The inconsistency in shape and size of an intended object is the challenging part tool

design and movement in hybrid manufacturing.
2.4 Wire arc additive manufacturing (WAAM) advantages and challenges

2.4.1 Cost consideration

When powder is considered steel and titanium material cost £60-93 and £ 264-685 kg™ respectively
whereas wire feed costs £ 2-15 kg! and £ 97-240 kg for the same materials [2]. Thus, the cost
difference between the wire and powder feed makes wire based method 2-50 times more economically
efficient than powder based technique. Through extensive calculations researches showed that formed
Ti-6Al-4V components using WAAM could be 7-69% cheaper than produced by conventional routes
[115]; however, when aluminium and steel are considered, low cost metal compared to Ti-6Al-4V,
similar cost advantage cannot be guaranteed. When manufactured from feed stock, BTF-ratio of 30 is
very common for manufacturing intricate aero-engine parts using conventional methods. For the same
material, impressive material saving was observed with BTF ratio as low as 1.2 when the same parts
were manufactured using WAAM [67].

2.4.2 Deposition rate

Researchers achieved 10 kg/h deposition rate for steel material in WAAM type deposition [20,67]
which is almost 16 times to than powder based methods which possess deposition rate of 600 g/h [116].
Difference in the shape of single bead is the fundamental reason. WAAM process revealed bead height
of 1-2 mm [117,118] that can be increased along with the deposition rate whereas powder based process
demonstrated bead thickness from few microns to up to maximum 1 mm [119]. It is critical to control
a large liquid weld pool, though the higher deposition rate is one of the attractive features of WAAM

compared with low deposition rate processes. Solidification incurred in WAAM is not largely different
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than solidification observed on conventional casting process where different cooling rates are prominent
at core and periphery.

The increase in surface roughness and process instability by uncontrolled deposition of high volume
metal can be avoided with optimising wire feed rate which will favour high production rate. To restrict
BTF ratio below 1.5, the deposition rate needs to be restricted below 1 kg/h and 4 kg/h for titanium and
aluminium alloys & steels respectively as demonstrated by Williams et al. [67]. Thus, it can be inferred
that machining is unavoidable for WAAM part produced using deposition rates higher than the
mentioned above for respective materials. Hence, in consideration of strict surface roughness, WAAM
process cannot be the final operation.

2.4.3 Operation / metal deposition strategy

Deposited metal and substrate experiences multiple thermal cycles due to addition of metal in
successive layer deposition. Impose of heat discharge causes partial liquefaction and heat treatment of
earlier deposited layers and also enlarges the non-isotherm heat treat effect below four to five layers of
the deposit. The process heat input and material thermo-physical properties affect this phenomena.
Thermal cycles enforce cyclic expansion and contraction of a deposit and substrate resulting in
generation of residual stresses. Withers and Bhadeshia [120,121] addressed the formation of residual
stresses, its classification, methods of measurements and effect on performance in a formed component.
To understand the effect of interlayer rolling, Colegrove et al. [38] applied one of the residual stress
measurement methods, neutron diffraction recommended by Withers and Bhadeshia [120], to an arc
based layer type deposition of Ti-6Al-4V alloys.

While the sample was clamped in without rolling condition, the wall formed by WAAM revealed
approximately 500 MPa tensile residual stresses which was equilibrated by compressive stresses in
substrate. On the contrary, tensile stresses in the WAAM wall was relieved up to certain extend by
upward bending of a substrate due to acting compressive plastic strain in a formed wall. Surprisingly,
massive reduction in tensile residual stresses (down up to 150 MPa) was observed after interlayer
rolling. It was also confirmed from the results that stress generation during the arc deposition was
comparatively greater than stress relaxation as the stress was not completely eliminated after rolling.
During the production of WAAM part, the upwad distortion produced in base plate, when measured at
the edge can extends up to 15 mm (refer Figure 2.15). In the similar line, Colegrove et al. [38] reported
the base plate distortion of 7 mm.
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Figure 2.15 Large distortion produced due to multiple thermal cycles during production of the WAAM
object (adopted from [3]).
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The chamber size restricts the overall dimensions of an object in laser and electron based processes
while WAAM does not impose any dimensional limits on forming objects. Thus, for the production of
medium to large scale parts WAAM is the suitable candidate owing to its capability of theoretically
unlimited metal deposition and high deposition rate. On the other hand, increased surface roughness
and larger bead volumes compared with powder based processes (25 um [116]) limit its applications
for production of low and medium scaled complex parts. Parts produced by WAAM method, showed
lower mechanical properties than the wrought products of similar alloy chemistry as can be observed
from Table 2.3. Directional tensile properties are commonly seen WAAM products that commonly
depends upon pattern of metal deposition followed. Microstructure and grain orientation found to have
great impact in directional mechanical properties making formed part stronger is one direction
compared to other.

Table 2.3 Comparison of tensile properties of WAAM parts (in longitudinal direction of build) with
comparable wrought/filler wire (adopted from [3]).

Wrought product / filler wire WAAM product
) Ultimate ) Ultimate
Yield . Elong- Yield . Elong- Reported
Allo tensile . tensile .
y strength strength ation strength strength ation by
0 (V)
(MPa) (MPa) (%) (MPa) (MPa) (%)
Titanium
(Ti-6Al- 950 1030 11 870 920 12 [39]
4V)
Steel 402
(ER70S) 448 480 22 (max) - -
Stainless [122]
Steel 452 520 30 (ilzai) - -
(316L)
Bainitic
1230 - 11 1010 - 6 [123]
steel
Stainless
steel (304) 552 241 55 235 678 55.6 [124,125]

2.5 State-of-the-art of Wire arc additive manufacturing (WAAM) of aluminium
2.5.1 Application of gas tungsten arc welding (GTAW)

Various studies were followed through developing a background recognised as early need of capability
growth with regards WAAM of aluminium. Suitability of varying polarity GTAW was discussed by
Wang et al. [126] as one of the first studies on WAAM of 4043 aluminium. As result of microstructural
study, researchers reported presence of coarse cellular/columnar grains at the bottom and middle and
fine dendritic structure at the top of the formed wall. Hence, increase in hardness at the top was notified
compared to bottom through middle section. Afterwards, rarely any study was aimed at the application
of GTAW for WAAM part production specifically for aluminium because the advantage of high
deposition and other advantages offered by GMAW variant — CMT,
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2.5.2 Porosity

In non-heat treatable and heat treatable alloys, porosity formation is closely allied to the presence of
allying elements along with primary influencer hydrogen. It was argued that the pore formation in heat
treatable alloy is closely linked with the nucleation and dissolution of eutectic phases such as Al,Cu in
2xxx series during alloy cooling and heating respectively [90]. In heat treatable alloys, formation of
large pores was prevented due to detachment and floatation by inter-dendritic spaces, causing formation
of small pores varying from 5 to 20 um. After heat treatment, dissolution of the eutectic phase created
vacant sites resulting in a large growth in the numbers of small pores as illustrated in Table 2.4. In non-
heat treatable alloy, pore formation was caused due to the effect of alloying elements on metal

solidification and the presence of volatile materials Mg.

Table 2.4 Effect of different metal deposition conditions and different loads of inter-layer rolling on
porosity in aluminium alloys (adopted from [3]).

Mode of Length/area of
Fll.ler Condition metal cl:)(:ll;let di:r?ll;eier consideration Repl;) rted
wire transfer for pore count y
155 10-50pum
CMT 42 50-100pm
25 > 100um
21 10-50pum
AD CMTP 7 50-100pum 15mm length [78]
0 > 100pm
17 10-50pum
CMTADV
0 > 50 um
CMTPADV 0 > 10um
2319
AD 614 13.5um
R15 192 12.5um
CMTPADV 120mm? [89]
R30 5 8.8um
HT 2001 15.5um
180 15um
AD "
block 40 25um
structure
CMTP 15 35um 225mm? [79]
AD 110 15um
wall
structure 50 25um
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100 35um
134 >35um
60 15pum
AD "
block 35 25um
structure
11 35um
CMTADV 120 15um
AD 90 25um
wall
structure 30 35pum
&5 >35um
AD 454 25.1pm
R15 336 33.2um
5087 CMTP 120mm? [90]
R30 11 13pm
HT 359 9.6pum

2.5.2.1 Porosity reduction using cold metal transfer (CMT) technique

There has been a close relationship between porosity formation in aluminium with heat input, weld
penetration, formed grain’s size and shape and dendrite growth of the same [78,92]. The effects of
different CMT techniques namely CMT-PADV, CMT-ADV, CMT-P and conventional CMT on
porosity formation was compared by Cong et al. [78] (Table 2.4 denotes comparison of pore size
distribution). In conventional CMT, the hydrogen escape was prevented due to higher heat input,
formed coarse columnar grains and greater penetration [78,92]. CMT mode revealed more pores with
size ranging from 10 to >100um. It was proven that formation of large pores with size >100 um is due

to the fusion of small pores into large pores.

Decrease in escape distance for hydrogen due to less penetration witnessed by CMT-P compared to
CMT, supported the evidence of lesser number of pores [92]. Also, the smaller grains size with the
CMT-P process was helped in restricting pores size below 100um. Oxide cleaning effect due to
alternating polarities, lower heat input, formed refined equiaxed grains and shallower penetration in
CMT-ADYV mode significantly supported hydrogen escape and revealed no pore with size >50 um. An
impressive results were shown by CMT-PADV process where no pores found with size greater than
10um. This techniques combined the effects of CMT-ADV and CMT-P processes forming finest
equiaxed grain structure and lowest dilution [78,92].

A block structure revealed lesser number of pores compared to wall structure (refer Table 2.4) when
formed from CMT-P and CMT-ADYV techniques [79]. Large pores with size >50 um were present in
wall structure while in block structure no large pores were found. In addition, lower heat input CMT-
ADV showed lower number of pores than relatively higher heat input CMT-P in a block structure. In
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wall structure, heat conduction and extraction is possible only through underlying layers. In the
contrary, heat conduction and extraction is possible by the material present adjacent to a layer in the
block supports for raising the cooling rate. Hence, reduced porosity is the result of formation of finer

microstructure in a block structure when compared to the wall structure.
2.5.2.2 Porosity reduction by interlayer rolling

A pore structure gets affected to a great extent by the application of pressure using rolls onto the WAAM
layer. The force is produced by rolling and thus causes formation of number of dislocations and
vacancies provide favourable sites for the absorption of atomic hydrogen. Effect of interlayer rolling
and heat treatment on porosity formation and distribution in non-heat treatable and heat treatable
aluminium alloys was thoroughly studied by Gu et al. [90]. A massive reduction in number of pores
was evidenced after application of interlayer rolling with 15, 30 and 45 kN load. Compared to unrolled
condition, for heat treatable aluminium alloy, pore numbers were reduced by 68.7% and 99.1% and
pore area was found to be reduced by 83.5% and 97.2% after 15 and 30 kN interlayer rolling
respectively. For non-heat treatable aluminium alloy, the reduction in numbers was 25.9% and 97.5%

and reduction in area was 73.9% and 97% for the similar interlayer rolling conditions (refer Table 2.4).
2.5.3 Grain structure

The interlayer rolling was not only reduced the porosity but also greatly affected grain structure. Effect
of loading condition on the grain orientation and grain size is illustrated in graphical format in Figure
2.16. It can be witnessed from Figure 2.16 that the increasing rolling load condition produces small
sized grains with low mis-orientation angle [89,91]. For non-heat treatable 5087 alloy, without rolling
condition showed only 7% grains with size smaller than S5um whereas grains larger than 50um were
around 40%. Total fraction of small sized grains (less than 5um) gradually found to be increased with
increasing loading conditions approaching 16%, 34% and 49% for 15, 30 and 45 kN respectively. On
the other hand, large sized grains were completely removed after application of 45 kN load. The
condition and trend variation was not different for precipitation hardenable Al-Cu alloy. Without rolled
samples showed 13% small grains with size less than Sum that increased to 77% after application of
rolling with 45 kN load.

On the similar line, there was increase in the fraction of small grain boundaries as rolling load increased.
This confirmed that this increase was at an expense of and splitting of large grains. After application of
45KkN rolling load, fraction of small grains were found more than 70% of the considered total volume
for 2219 and 5087 alloys which was around 6% and 20% in as deposited condition respectively.
Difference between the microstructure of block and wall WAAM structures manufactured using CMT-
P and CMT-ADV techniques was studied by Cong et al. [79] pictorially presented in Figure 2.17.
Bottom area of the wall structure showed columnar grains that might be attributed to the heat high heat
extraction rate encountered near the substrate. As per authors understanding, top and middle part of the
wall that experienced reduced heat extraction rate than bottom revealed equiaxed dendritic and equiaxed
non-dendritic grains respectively. Cellular grains were reported present between equiaxed and columnar
grains for CMT-ADYV technique. For CMT-P process, block structure showed microstructural variation
within a single layer. Equiaxed non-dendritic structure at centre and columnar grains at outer part was

observed due to increased heat extraction. For CMT-ADV, outer part of a layer revealed equiaxed
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dendrites. The outcomes of CMT deposition are in coordination with the results from VP-GTAW [126]
as discussed in Application of GTAW.

Grain size distribution and grain misorientation
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Figure 2.16 Effect of different interlayer rolling conditions on grain size distribution and grain
orientation in 5087 and 2219 alloys (adopted from [3]).
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Figure 2.17 Schematic of microstructure variation in wall and block structure using CMT-P and
CMT-ADYV processes (adopted from [3]).

Apart from the CMT technique, Hargar et al. [16] experimented with short pulse mode of metal transfer
for depositing AA5183. Authors reported different grain structure between various regions, however,

the dominant columnar grains at the fusion line. Reheating effect during deposition of subsequent layers
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were held responsible for formation of equiaxed grains. Also authors mentioned the presence of
equiaxed grains closer to the central part of individual bead. Interestingly, authors reported presence of

intergranular crack supporting the presence of high Mg content.
2.5.4 Tensile properties and micro hardness

Tensile properties of a WAAM part experienced an appreciable enhancement by the application of a
rolling process that supported in introduction of large number of dislocations and small sized grains.
Dislocations and strains might get released by the recrystallization in a cyclic heating process; however
this is not sufficient to neutralize the total effect prompted by rolling and hence accountable density of
dislocations can be found in interlayer rolled part [90] favouring increment in the tensile strength. The
effect of increment in interlayer rolling load condition on the tensile strengths and elongation of non
heat-treatable and heat treatable aluminium alloys is illustrated in Table 2.5. There is a linear

relationship can be seen between increase in tensile strength with rolling loads.

Table 2.5 Tensile properties of different aluminium alloys based on different testing conditions
(adopted from [3]).

i Percentage
Fll.ler Condition YS UTS Reported by
wire (MPa) (MPa) | Elongation
As deposited 142 291 22.5
Rolled 15kN 169 320 22
Guetal. [91]
5087 Rolled 30kN 149 311 21
Rolled 45kN 200 344 20
Wrouggt)(s 083- | 145 290 22 ASM Vol.2 [127]
As deposited 175 290 12
Rolled 45kN 315 375 8
T4 335 465 15 Fixter et al. [128]
2024 T6 415 505 8
Rolled 45kN + 415 500 T
T6
Wrought
345 440 5 ASM Vol.2 [127]
(2024-T62)
As deposited 130 260 15
2319 Gu et al. [89]
Rolled 15kN 140 270 14.5
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Rolled 30kN 185 285 11
Rolled 45kN 245 315 9
T6 315 465 13
Rolled 45kN + 310 460 16
T6
Wrought
220 340 7 ASM Vol.2 [127]
(2219-T62)
Vertical 106 258 15.5
2319 Gu et al. [129]
Horizontal 114 263 18.3
CMT - 320 -
Al-6Mg CMTP - 285 - Zhang et al. [80]
VP-CMT - 325 -
5183 As deposited 145 293 20 Horgar et al. [16]

Eutectic phases were produced in heat treatment alloys due to repeated thermal cycles corresponding to
the annealing and aging heat treatment; however, these precipitates, due to their less numbers and
increased in size [89], found less active in the strength improvement due to reduced resistance to
dislocation movement. Depending upon the applied load during loading, the formed eutectics
disintegrated into fragments. Uniform distribution of fragmented eutectics after heat treatment with
fined smaller size grains formation [89], greatly enhanced tensile strengths. Interestingly comparable
tensile properties were shown by rolled + heat treated and heat treated samples; however the size of
grain in rolled specimen was found approximately half of the specimens with no rolling which was
attributed to the disintegration of coarse grains into sub-grains due to strain induced by the roller (refer
Table 2.5 and section Grain structure). Major strengthening mechanisms in case of non-heat treatable
5087 alloy are sub-grains produced by rolling load (see section 2.5.2), grain refinement and high-density
dislocations. An interesting result by Geng et al. [84] described isotropy in tensile strengths/properties
when WAAM of aluminium specimens were tested along the perpendicular and parallel directions of
deposition. On the contrary, when specimens were tested along perpendicular and parallel directions of
the grain orientation, anisotropy was observed. Tensile strength along the parallel direction of grain
orientation was lesser than along transverse direction. The important outcome has be taken account for
designing a part for real life application.

As presumed for, a linear relationship between rolling load and hardness can be seen irrespective of
type of alloy in Figure 2.18. For alloy 5083, experimented by Gu et al. [91], rolling loads 45, 30 and 15
kN increased hardness of WAAM part by 40, 27 and 14.8% respectively compared with as-deposited
condition. For the same rolling load criteria, the incremental values were 52.8, 33 and 14.2% while
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considering 2319 filler wire [129]. This implies that in the close future there are high chances of
replacing conventional wrought products with the WAAM products as it is proven that WAAM parts
possess similar or higher mechanical properties than respective wrought products (see Table 2.5) when
produced with an appropriate operational techniques.

Microhardness
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Figure 2.18 Effect of interlayer rolling with different loads on microhardness (adopted from [3]).

2.5.5 Chemical composition

Change in composition of a feed stock wire becomes a vital factor to reshape the grain structure in
accordance with the new solidification pattern observe in WAAM and to tackle metallurgical
challenges. Recently developed corrosion resistant AIMgSc-based Scalmalloy [130] is one of the
examples that eliminates the issues linked with the presence of Mg. It reduces elemental loss that is
vaporisation of Mg, wettability and spinel formation (MgAI204). Moreover, compared to titanium,

Scalmalloy shows appreciably good mechanical properties such as specific strength and high ductility.

Fixter et al. [128] studied Mg dependent crack susceptibility for 2xxx series of aluminium alloy for
WAAM. Astonishingly, authors revealed that unweldable composition of 2024 wire was suitable for
WAAM. From Table 2.5 it is clear that for alloys composition 2024 tensile properties were comparable
with wrought products. This emphasises the fact that while choosing a feed stock wire weldability
cannot be the guiding criteria. For applicability of other metallic alloys for WAAM, future experimental
studies are recommended.

2.5.6 Single-step forming

Though the interlayer-rolling has positive influence on WAAM of aluminium, the process reflects
downsides such as tough to apply to a block structure and the process is very slow as metal deposition
stops during rolling operation. To overcome the challenges, an idea of single-step forming such as
forging and bending [131] were experimented. The researchers supplied supportive outcomes for the

application of single step forming operation eliminating porosity and required strain hardening effect
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through computer simulation. Likewise mentioned earlier, it is important to study its practical
applicability of post processing to the WAAM part.

2.6 Knowledge gap

WAAM process can be considered as a next-generation economical alternative for aluminium products
used in aerospace and automobile sectors produced through conventional techniques. A variant of
conventional GMAW process called cold metal transfer (CMT), has been currently applied suitably for
production of WAAM part made of aluminium. A prominent issue of porosity formation during
aluminium deposition during WAAM part production was appreciably addressed and tackled with the
application of pulsed advanced CMT and interlayer rolling. Metallurgical phase formation and other
change consideration during heat and non-heat treatable aluminium alloys solidification during thin and
thick wall formation through WAAM is an important part of WAAM development. A good
WAAMability of unweldable aluminium alloy proved the fact that metallurgical study is highly
recommended. There is still a wide knowledge gap regarding the understanding of formation and
behaviour of residual stresses and distortion and uneven shrinkage in WAAM. Also, residual stresses
in closed loop structures such as circular shape and open structures such as a straight or curved wall
could be different and imperative to study if WAAM part of different shapes need to be produced. Better
understanding of effects of heat maintenance techniques including heat input, interlayer-temperature,
interlayer dwell time, preheating, post heating on porosity formation and its correlation with hydrogen
dissolution, microstructure, and mechanical properties are some of the prime areas of industry interest.
Interlayer-rolling remains a time consuming process, thus an alternative to such as single step forming
for aluminium WAAM could be an important point with respect to the productivity. Therefore, overall
control on deposition parameters and post deposition operations for controlling microstructure,
mechanical properties defines the overall integrity of WAAM aluminium component. Comparable
mechanical properties to wrought products, economical advantages, less restrictions on forming part
size and shape, necessity of relatively less complex and expensive instrument and simple operation are
the benefits of WAAM that can be defining the future of industry.

2.7 Welding terminologies and Wire arc additive manufacturing (WAAM)

Over recent years there seems to be a constant difference amongst researchers and specification
terminology about the semantics and meaning associated with the application of some of those
terminologies which are being commonly used within the welding area, these being mainly associated
with fusion welding and bonding terms, in addition to the meaning of cladding, buttering, build-up and
hard facing. The reason behind this misconception has arisen from the manufacturing processes that
have been used in the welding field for many, now emerging and finding their way into this newly
defined process known as WAAM. The inventors and users of the WAAM technique are trying to apply
the same well known welding processes for different functions in a distinct fashion that can give rise to
the cause of common disagreement amongst researchers. One of the perceived reasons for this discord
could be the unavailability of standards and guidelines pertaining to the immaturity and application of
the WAAM process compared with the established and well known welding sector. Thus there is need
of establishing standards and guidelines on common ground for investors for intended research in
WAAM incorporating all the aspects of WAAM.
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Identifying the need for standardisation within the ever developing AM landscape, the ASTM
committee has been assigned an edict for the development of AM guidelines encompassing several key
strands of AM, and through congregating research work worldwide establish a common language and
terminology. Based on research completed by the ASTM F42 committee in assessing those generic and
indigenous terms, they have established some guidelines and currently many others are under
development. The committee has defined AM, by focusing on its basics as ‘process of joining materials
to make parts from 3D model data, usually layer upon layer as opposed to subtractive manufacturing
and formative manufacturing methodologies’[1]. The definition is applicable to all the process that are
categorised under AM. Therefore the same definition is applicable to WAAM which is identified as
sub-process of AM under the DED category.

There are many available standard guidelines that have defined the welding operation in their own
perspectives. AWS standard defines the welding operation as ‘a joining process producing coalescence
of materials by heating them to the welding temperature with or without the application of pressure or
by the application of pressure alone and with or without the use of filler metal’[132]. Comparing both
the definitions of AM and welding it can be concluded that all the welding processes cannot befallen
under AM unless modified for illustration firstly an autogenous welding process. A classic example is
an autogenous TIG welding process. The definition of AM describes a process of formation of
components by successive deposition of material but that cannot be the case of autogenous welding
which does not use any filler material to form a defined shape. Secondly manual welding process such
as SMAW that does not include any computerised data to guide welding electrode for specific weld
deposition pattern that finally forms an object.

AWS [132] clarifies cladding as a process of surfacing performed to achieve required corrosion or heat
resistance. ASME [133] defines the same function with different terminology as corrosion resistant
overlay that may have one or more layers of weld deposition. Initially both the renowned bodies clearly
notifies cladding and overlay as a welding process that is only restricted to the surface of an object.
Later one and other elucidates the purpose of the surface phenomena that is only restricted to the
corrosion or heat resistance enhancement. Along with this, ASME also describes corrosion resistant
overlay as non-structural part of the object that can be deposited over and above the minimum thickness
of the base material thus the thickness of overlay is not considered in the final thickness measurement.
This distinctly contradicts to the definition of AM put forth by ASTM that mandates the formation of

complete object by material deposition which can never be restrained to only a surface.

Further as per AWS interpretation [132], a weld build-up is a surfacing operation performed to achieve
required dimensions. ASME [133] formulates weld build-up as a process of deposition of weld metal
of compatible chemistry to restore the design thickness or structural integrity. The objective of weld
build-up is rather exclusively associated with the achievement of required product dimensions which
relates to the surface operation than any property enhancement of a product. The other angle to the
understanding of this specific term can be deposition of weld metal over an object in order to complete
the required shape in case of damage caused by any means such as gouging done on base metal near a
welding seam to remove spatter that has initiated a reduced thickness area in the base metal. Thus as
per ASME any repairing operation either on parent metal or already deposited weld metal falls under

the category of weld build-up where in addition ASM restrict the same operation only at the surface.
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Thus from understanding of the definitions recognised by acclaimed bodies weld metal build-up is

deposition as weld metal to carry out repair cannot be treated as AM process.

Another welding operation that frequently being practiced during production is buttering. AWS [132]
acknowledged buttering term in the form of surfacing variation of welding operation that is performed
in order to achieve metallurgical compatibility. Metallurgical compatibility term highlights the fact that
buttering operation is more inclined to achieve same composition or a composition that is suitable for
producing metallurgically sound joint. ASME [133] describes buttering as a weld deposition process
on joining parts that is being carried out before preparation of weld joints. The purpose of buttering is
to provide suitable metallurgical transition of weld deposit that assists further weld deposition. In
illustration for joining steel to stainless steel, it is recommended that a layer of stainless steel
consumable compatible to stainless steel part to be joined should be applied on the joining face of the
steel before performing final welding operation by stainless steel consumable. This operation focusses
on the metallurgical compatibility of the final joint with smooth transmission of composition throughout
the weld. Though ASTM definition of AM does not explicitly discuss about material bonding
characteristics and multi material use but varied material combination in single object has been widely
accepted as one the major advantages of the AM process. Surprisingly this fact is also applicable to
WAAM technique where weld metal deposition to form an object of different composition is possible.
The possibility of use of diversified materials inevitably makes AM and buttering complementary
techniques however AM possesses capability of formation of single object while buttering is confined
only to the surface operation to assist a joining process.

Hard facing is a process of surfacing in which wear resistance of a component is raised by deposition
of hard material only at a surface by welding, portrayed by AWS [132] and ASME [133]. Hard facing
could be thought as cladding operation or an overlay, as discussed above, with only disparity of purpose
of surfacing. Similarly as argued previously hard facing along with corrosion resistant overlay is
excluded from the thickness measurement. AM is all about formation of entire product instead of
focusing on enhancement of any particular property such as wear and corrosion resistance. Every layer

deposited in AM conclusively considered in the dimensional measurement of the formed object.

Definitively, though WAAM technique uses traditionally used welding processes such as GMAW,
GTAW and others, the WAAM technique is noticeably different (except basics of welding operation)
from familiar welding operations in terms of application. Apparently AM is something that stands for
beyond the material property enhancement and dimensional control by welding. In addition AM needs
3D model data that is most likely absent while performing any of the above discussed operations. From
the discussion conclusion can be drawn out that along with evolution of WAAM technique and its
maturation there is enforcement of redefining the welding definition incorporating wide varied welding
application and process variations in order to avoid misconceptions and wrong use of welding related

terminologies.
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Chapter 3: Experimental
Methodologies

3.1 Introduction

Introduction chapter explains the deficiencies in WAAM of aluminium and further the project concept.
Main research was directed towards the current identified deficiencies in WAAM of aluminium. As
explained earlier, there are three major pillars of this study namely porosity and hydrogen dissolution,
microstructure and residual stresses associated with WAAM of aluminium. A separate attention is
provided to a concept of interlayer-temperature and its effects on porosity, microstructure and residual
stresses. On a broader scale, this chapter explains the methods, experimental planning and procedure
followed for the study. Materials, consumables and experiments are included in a sequence that was

followed during the study.
3.1.1 Concept of interlayer-temperature

A new concept of interlayer-temperature was introduced in this project for WA AM manufacturing. The
concept is based in the interpass temperature idea commonly applied for welding operation. Boiler and
pressure vessel code section IX from ASME has defined interpass temperature as ‘the highest
temperature in the weld joint immediately prior to welding, or in the case of multiple pass welds, the
highest temperature in the section of the previously deposited weld metal, immediately before the next
pass is started’[133]. The importance of maintaining interpass temperature is to control the metal
solidification rate ultimately controlling microstructure, mechanical properties and residual stresses.
The similar concept was introduced in WAAM technique to check the effect of specific interlayer-

temperature in porosity, microstructure and residual stress.

Throughout the study, 50 and 100°C, two different interlayer temperatures were considered. Here,
temperature maintenance implies to controlling of the temperature of the top layer at chosen interlayer
temperature value that is 50 and 100°C. For example, in manufacturing of 15 layered WA AM structure
with 50°C interlayer temperature, the temperature of substrate as well as temperature of each depositing
layer number starting from 1 to 14 was maintained around 50°C before deposition of layer number 2 to

15 respectively.
3.1.2 Defining interlayer-temperature

The chosen material for this work is 5xxx series aluminium alloy that is Al-Mg alloy. The 5xxx series
aluminium alloys obtain their strengths by solution strengthening from alloying addition mainly
magnesium (Mg) [134,135]. British welding standard BS EN 1011-4:2000 provided guideline for
welding of these alloys in which suggested maximum interpass temperature is 120°C. The fact

correlates to the loss of alloying elements at higher temperature that ultimately reduces weld strength.
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In view of this, for the current study two interlayer-temperatures were decided below the recommended

interpass temperature. Thus, for the project work 50°C and 100°C interlayer temperatures were selected.
3.2 Porosity

3.2.1 Introduction

Literature review confirmed that the use of CMT process reduces porosity in aluminium; however, the
effect of parameter change on porosity formation, its distribution and hydrogen dissolution is not
discussed in the open literature. Porosity formation is also one of the important problems in aluminium
casting. In view of this, it was decided to study and compare hydrogen dissolution and porosity
formation in pulsed-MIG and CMT based samples. Although, it was well known that pulsed-MIG
process produces increased pores compared to CMT, it was important to study the metal behaviour and
its response to the parametric changes. The concept followed during porosity study is depicted in Figure
3.1

Porosity
Part — I Part —II
Primary understanding Further research
O WAAMopat 2|00 oo
o Total walls — 2 Total walls — 16
0 IR oo SOOI .- e SO
o Conventional 1. Conventional MIG
rocess MIG 2.CMT
considered temperature . i
3. Heat input
Test for porosity X-CT scan X_CT scan
measurement
Additional 1. Thermal camera
AR _ 2. Hydrogen dissolution
measurements/tests test

Figure 3.1 Concept for porosity study.

3.2.2 Part-—1I Understanding the effect of interlayer-temperature

To find out any possible effect of change of interlayer-temperature on porosity content and its
distribution in WAAM part of aluminium, primary experiments were conducted. Initially two walls,
Wall 1 and 2, were manufactured maintaining two different interlayer-temperatures as shown in Figure
3.1 and were tested for porosity content by X-ray computed tomography technique (X-CT scan).
Conventional pulsed-MIG technique was employed for part production and 50 and 100°C interlayer-
temperatures were used. Details of part manufacturing are given below.
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3.2.2.1 Material and consumables

3.2.2.1.1 Feed stock wire

For this initial experiment, the feed stock wire chosen was commercially available aluminium ER5356
(AWS: A5.10 ER5356) solid wire. A wire diameter was 1.2 mm for this study and kept constant for all
the experiments performed. Chemical composition of a feed stock wire is tabulated in Table 3.1.

Table 3.1 Chemical composition (wt%) of feed stock wire ER5356.

Si Mn Cr Cu Ti Fe Mg Zn Al

<0.25 0.15 0.13 <0.05 0.11 <04 5 <0.1 Balance

3.2.2.1.2 Substrate

For the deposition of chosen aluminium wire, a substrate of comparable chemistry was chosen. A rolled
plate of commercially available grade of 5083 was employed throughout the study. The chemical
composition of the plate with thickness 25 mm is provided in Table 3.2.

Table 3.2 Chemical composition (wt%) of substrate plate 5083.

Si

Cr

Cu

Ti

Fe

Mg

Zn

Al

0.11

0.66

0.06

0.05

0.05

0.25

4.74

0.05

<0.1

Balance

3.2.2.1.3 Shielding gas

Throughout the study, the parameter of shielding gas was kept constant. Depositing liquid metal was
shielded by commercially available Argon gas with 99.998% purity. The gas flow rate during metal
deposition was kept constant at 20 I/min. A product supplied by Air Products and Chemical Inc. under

the trade name of Argon Technical was used.
3.2.2.2 Process and welding robot

For the study, a complete setup of OTC modelled recently developed Synchrofeed system was used that
integrates robot controller, power source and welding torch as can be seen in Figure 3.2. The system is
designed for welding applications that has capability of performing welding using specially designed
pulsing current formats. Frequency and amplitude of the pulsing current and voltage can be adjusted
through the system. The system uses OTC Welbee PS00L power source that operates on the synergic
line to control wire feeding speed according to the chosen set of current and voltage values. More details

about the machine operation can be found in respective manuals.
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Figure 3.2 OTC equipment and overall set up.
3.2.2.3 Deposition parameters

For the manufacturing of two aforementioned walls, following parameters were selected (refer Table

3.3). Current, voltage and heat input variation is illustrated in graphical format in Figure 3.3.

Table 3.3 Pulse-MIG parameters used for manufacturing of walls in Part — 1.

Parameters Values
Average current (A) 130
Average voltage (V) 18.8
Linear torch travel speed (m/min) 0.6
Average Heat input (J/mm) 220
Wire feed speed (m/min) 7.5
Frequency of torch oscillation (Hz) 0.3
Mode of torch oscillation Linear
Amplitude of torch oscillation (mm) 40
Dwell time for torch oscillation (seconds) 0.1 at 4 & ¥4 distance and 0 at 4
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Figure 3.3 Current, voltage and heat input variation for pulsed-MIG in Part — I.

3.2.2.4 Electrical data recording and calculations

The study included deposition of metal using pulsed current and voltage format. Actual current and
voltage variation over the time was recorded using transient electrical data acquisition system AMV
(refer Figure 3.4). Current and voltage variation using OTC and CMT systems was recorded. The data
acquisition system records data after every 0.0002 secs, thus, 5000 entries at every second. The data
was helpful in plotting the graphs of current, voltage and heat input versus time. Importantly, the
recording aided the calculation of instantaneous power (IP) and further the calculation of heat input

(HI). Equation 3 to 5 show the formulae for calculations of instantaneous power and heat input.

AMV 3500 TRITON ELECTRONI !; -

-~

Figure 3.4 Electrical data recoding unit.
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IP (W) = z f 'ZVi Eq. (3)

Average voltage x Average current
Eq. (4)

Heat i t=
eat inpu N Travel speed

nzz Ii x Vi
=1 % Eq. (5)

Heat i t=——m—F7"7-—"7"
eat inpu TS

where li and Vi are the instantaneous values of current (A) and voltage (V) respectively, I] is process
efficiency, z indicates the number of values considered and TS represents the travel speed in m/min.
Thus, the mentioned Eq. 3 provides an average power of the arc for the specific time consideration.

Heat input was calculated as average IP from Eq. 3 over the travel speed as can be seen in Eq. 4 and 5.
3.2.2.5 Manufacturing of wall 1 and 2

A particular pattern followed for metal deposition in fabrication of wall 1 and 2 is displayed in Figure
3.5. Torch oscillation deployed for wall manufacturing are displayed in Table 3.3. Interlayer-
temperature 50 and 100°C was maintained for Wall 1 and Wall 2 respectively. The same interlayer-
temperature was maintained at respective substrates. Temperature measurement is explained in next
subsection. At this point it is important to mention that although the temperature of a top layer was
either 50 or 100°C, other wall surfaces and substrate showed different temperature values. Two walls
with approximately 190 X 135 X 45 mm? were manufactured having 45 layers. Substrate was clamped
firmly to the manipulator of a welding robot to avoid possible distortion. Figure 3.6 shows image of
Wall 1.

Figure 3.5 Torch oscillation and movement pattern followed for wall manufacturing (a) and top view
of manufacture wall (b)

3.2.2.6 Temperature measurement

The temperature measurement of top layer was performed using RS Pro RS52 digital K-type contact
type thermometer. Thermometer was selected based on guidance provided in ASTM E2877. It should
be marked that temperature of the only top layer was measured and was considered as an interlayer-

temperature throughout the study. Temperature of the rest wall surfaces and substrate was not
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considered due to expected large variations as discussed by Xiong et al.[110]. It was highly challenging
to maintain temperature of whole wall within a short band without external resources. Temperature of
the top layer was measured at three locations approximately 50 mm from each wall end and at central

location. Next layer was not initiated until desired temperature was not reached by natural cooling..
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Figure 3.6 Side view of Wall 1.

3.2.2.7 X-ray computed tomography (X-CT) scan

X-ray computed tomography (XCT) is a radiographic based imaging method that produces 2D cross-
sectional and 3D volume images of the object under inspection. Characteristics of the internal structure
of an object, such as dimensions, shape, internal defects, and density, are readily available from XCT
images. Figure 3.7 illustrates the concept of a simple XCT scanner. Here, an X-ray source generates an
X-ray beam that propagates through the object under inspection. The resulting intensity of the X-ray
beam is measured using an X-ray detector. This process is repeated at many angles to obtain a stack of
2D X-ray projections. HMX 225 system was used for XCT scanning. Data recording and overall
operation was managed by X-Tek InspectX software while visualisation was performed by
VGStudioMax software. X-CT scan was performed on two manufactured walls at an area away from

wall end which represents stable metal deposition condition.

As an output of the scanning process, software created a spreadsheet containing an information related
to the exact location of a probable defect, a pore in this case. The information contains exact location
of'apore in 3 dimensional space with a fixed reference point for all the pores detected over the minimum
detectable pore size. Pore size and pore shape (sphericity) was also obtained. Therefore, it was not only
possible to categorise pores with respect to size and pore diameter but also to measure distance between
intended pores.
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Figure 3.7 Concept and schematic of XCT.

3.2.2.8 Tensile testing

Later, walls were cut from 70 mm from one end using a band saw cutting machine and specimens for
tensile test and macro examination were extracted following routine lathe machines operations. Cut
sample locations are schematically shown in Figure 3.8. Total six specimens from each wall were taken
out such that three were horizontal and three vertical specimens. Tensile test was performed following
BS EN ISO 6892-1:2016 for determination of ultimate tensile and yield strength of the deposited walls.

Wall Tensile specimens | |« Macro specimen
6,12
g
Al 139 2.8 1,7| |«
5,11 B =
4,10
190mm

Figure 3.8 Location of tensile test and macro specimens in manufactured wall. Specimen number 1 to
6 are from Wall 1 while specimen number 7 to 12 for Wall 2.
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3.2.3 Part—1II Investigations into porosity and hydrogen dissolution in pulsed-MIG and
cold metal transfer (CMT)

After gaining the primary results regarding the effect of interlayer-temperature on porosity and its
distribution, in depth study was undertaken. Along with an interlayer-temperature, metal deposition
technique, heat input and interlayer-dwell-time were varied for manufacturing of total 16 samples.
Details regarding the same are as follows.

3.2.3.1 Material and consumables
3.2.3.1.1 Feed stock wire

For the study, the Feed stock wire chosen was commercially available ER5183 (AWS: A5.10 ER5183)
aluminium solid wire which is commonly used in MIG/MAG welding operation. The study does not
include an effect of variation of wire diameter on the deposit properties. Hence, for convenience 1.2
mm wire diameter was selected for entire experiments involved in this thesis. The chemical composition
of the Feed stock wire is detailed in Table 3.4.

Table 3.4 Chemical composition (wt%) of feed stock wire ER5183.

Si Mn Cr Cu Ti Fe Mg Zn Al

0.06 0.65 0.07 0.01 0.07 0.14 4.91 <0.01 | Balance

3.2.3.1.2 Substrate

For the deposition of chosen aluminium wire, a substrate of comparable chemistry was chosen. A rolled
plate of dimensions 200 X 125 X 20 mm® commercially available grade of 5083 was employed. The
chemical composition of 20 mm thick plate is provided in Table 3.5.

Table 3.5 Chemical composition (wt%) of substrate plate 5083 (in percentage).

Si Mn Cr Cu Ti Fe Mg Zn Al

0.11 0.66 0.06 0.05 0.05 0.25 4.74 0.05 Balance

3.2.3.1.3 Shielding gas
Details are same as discussed earlier in subsection 3.2.2.1.3.
3.2.3.2 Process and welding robot

For this extended study, two types of metal deposition techniques were used namely pulsed-MIG and
CMT. Pulsed-MIG technique and robotic detailed are discussed in previous section 3.2.2.2 and Figure
3.2. Fronius designed TPS400i CMT-advanced power source was used. A set up of CMT power source
integrated with Fanuc welding robotic arm used for wall preparation is shown Figure 3.9. A separate

metal deposition programmes were generated in order to deposit metal in required format.
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Figure 3.9 CMT-Fanuc welding robot and overall set up.

3.2.3.3 Deposition parameters

Metal deposition parameter deployed for manufacturing of samples are tabulated in Table 3.6. Based
on previous experimentations heat input values were chosen. Average values were calculated form the
electrical data recorded as described in earlier section. Approximately 25000 values were considered
for a calculation of the average values. Also, the heat input was calculated using Eq. 5. General graphical

representations of current, voltage and heat input are given in Figure 3.10 to Figure 3.13.

Table 3.6 Metal deposition parameters used for Pulsed-MIG and CMT samples for manufacturing of
16 samples in Part — II.

Pulsed-MIG CMT
Parameter Low heat input | High heat input | Low heat input | High heat input

(LH) (HH) (LH) (HH)

Average current (A) 73 152 73 152
Average voltage (V) 18.3 18.7 18.2 19.2
Linear t(g;? nt;i\)/el speed 0.6 0.6 0.6 0.6
Heat input (J/mm) 120 280 120 280
Wire feed speed (m/mim) 4.85 8.65 4.9 8.6
W‘r:pizd (;gie;ég;wel 8.1 144 8.1 143
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Figure 3.12 Current, voltage and heat input variation for CMT low heat input method.
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Figure 3.13 Current, voltage and heat input variation for CMT high heat input method.

3.2.3.4 Manufacturing of 16 wire arc additively manufactured (WAAM) samples

The extended study incorporated manufacturing of eight samples using pulsed-MIG and CMT
technique each. Sequence of metal deposition and overall operation followed during samples
manufacturing is shown in Figure 3.14. Each sample was manufactured with total of 15 layers and
possesses 100 mm length. Each sample was manufactured with linear torch travel, hence, all samples
were single-bead multilayer deposition. As discussed earlier, K-Type contact digital thermometer was
used for temperature measurement. Temperature was measured at every layer at three defined locations

that is 25 mm from each end and central area of 100 mm layer length.

For interlayer-temperature based samples, successive layer was not instigated until top layer
temperature reached at desired temperature (either 50 or 100°C) by natural cooling. For interlayer-
dwell-time method, interlayer-temperature was not accounted and metal deposition with robotic
programming was performed based on time scale only. Two interlayer-dwell-times, 30 and 120 seconds
were considered in this study. Apart from temperature and time variations, heat input and metal

deposition technique were the variations.

Sample manufacturing was recorded using calibrated Flir made A320 infrared thermal camera. The
purpose of the thermal camera used in this study was to highlight the temperature variation throughout
WAAM structure while depositing layers. All temperature variations during and after layer deposition
at the wall deposits were recorded for layer numbers 1 to 15 for pulsed-MIG and CMT samples. For
processing of recordings, a ThermaCAM Researcher pro 2.9 software was used. For the study, a
temperature range selected was 0 to 530°C. Higher temperature range of 530 to 2000°C was neglected
from the study because a focus was the temperature of deposited solid part instead an arc or molten
depositing metal. Emissivity value was 3.5 in this study. The chosen emissivity was based on real time
confirmation using K-type contact type thermometer during and immediately after metal deposition on
top layer and side wall forming wall structure. Refer Figure 3.15 for overall arrangement of WAAM

part manufacturing and position of thermal camera for thermal variation recording.
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Figure 3.14 Schematic of sequence of metal deposition and overall operation using gas metal arc
technique. Schematic showed front view of WAAM deposit.
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Figure 3.15 Schematic of arrangement of WAAM deposition and thermal camera. Schematic showed
side view of WAAM deposit.

3.2.3.5 Samples identification

With proper combinations of the variables, total 16 samples were categorised into four sets as shown in
Table 3.7. Each sample was given a specific identification describing all the deposition conditions for
that sample. Sample processed with pulsed-MIG and CMT possessed ‘P’ and ‘C’ in their identifications
respectively. High and low heat inputs were denoted by ‘HH’ and ‘LH’ respectively. Interlayer-
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temperature based samples were identified by ‘T’ while interlayer-dwell-time samples showed ‘t’.
Further, high heat input referred heat input close to 350 J/mm and for low heat input it was
approximately 150 J/mm. Interlayer-temperatures, ‘T1’ and ‘T2’ understood 50 and 100°C temperature
values respectively. On the other hand, interlayer-dwell-time, ‘t1’ and ‘t2’specified 30 and 120 seconds
of time span. Thus, for example, sample identification P-LH-t2 revels sample was manufactured with
pulsed-MIG process, low heat input and 120 seconds (longer) interlayer-dwell-time; another sample C-
HH-T2 denotes sample manufacturing with CMT technique, high heat input and high interlayer-

temperature (100°C).

Table 3.7 Set identification and sample nomenclature.

Interlayer-
Set Metal deposition . temperature /
. Heat input Samples IDs
number technique Interlayer-dwell-
time

High (HH) 50°C (T1) P-HH-T1, P-HH-T2
1 Pulsed-MIG (P)

Low (LH) 100°C (T2) P-LH-T1, P-LH-T2

High (HH) 50°C (T1) C-HH-T1, C-HH-T2
2 CMT (C)

Low (LH) 100°C (T2) C-LH-T1, C-LH-T2

High (HH) 30 seconds (t1) P-HH-t1, P-HH-t2
3 Pulsed-MIG (P)

Low (LH) 120 seconds (t2) P-LH-t1, P-LH-t2

High (HH) 30 seconds (t1) C-HH-t1, C-HH-t2
4 CMT (C)

Low (LH) 120 seconds (t2) C-LH-t1, C-LH-t2

3.2.3.6 Scanning with XCT

Details regarding instrument used for scanning is descried in 3.2.2.7. For the deposited samples of 100
mm length, approximately 35 mm deposit representing stable metal deposition condition was cut and

scanned from each sample. Scanned volume remained approximately 7200 mm? for each sample.
3.2.3.7 Dissolved hydrogen test

From the results obtained after XCT scan, total four samples, two from similar conditioned pulse-MIG
and CMT each, were chosen for the dissolved hydrogen test. These samples were extracted from the
samples used in XCT scan because these represented stable metal deposition and total pore volume was
already known. Dissolved hydrogen test was performed using Leco RH402 instrument. The detected

hydrogen represented hydrogen in states present in the samples that is entrapped and dissolved states.
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3.3 Microstructure

3.3.1 Introduction

Literature review asserted that the CMT process produces finer and equiaxed grains in WAAM of
aluminium; however, the effect of parameter change on microstructure and mechanical properties is not
widely reported in the open literature. In view of this, it was decided to study and compare the
microstructure from pulsed-MIG and CMT processed samples. Although, it was agreed that CMT
produces smaller grains supporting in enhancing overall mechanical properties compared to pulsed-
MIG process, it was important to study the metal behaviour and its response to the parametric changes,
particularly under WAAM format. The concept followed during microstructure study is manifested in
Figure 3.16.

Microstructure
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|
Part — Part — 11
Primary understanding Further research

- '\'\'. =g i{ """"""""""""""""""""""""""""""""""""""""""""""""""""""
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: 1. Conventional MIG
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1. Interlayer-temperature
Parameters 1. Interlayer-temperature Y bee
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Figure 3.16 Concept followed for microstructural study.

3.3.2 Part-1I Understanding the effect of interlayer-temperature and heat input

To find out any possible effect of change of heat input and interlayer-temperature on geometrical
features and microstructure in WAAM part of aluminium, primary experiments were performed.
Initially, four wall structures were manufactured with two different heat inputs and interlayer-
temperatures. Conventional pulsed-MIG technique was employed for part production. More details of
part manufacturing are given below. A block diagram representing the concept followed is shown in
Figure 3.17.
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Figure 3.17 Block diagram representing concept followed during initial microstructural related study.

3.3.2.1 Material and consumables
3.3.2.1.1 Feed stock wire

Details of feed stock wire 5183 are same as discussed earlier in 3.2.3.1.1 section. Refer Table 3.4 for

chemical composition.
3.3.2.1.2 Substrate

For the production of four unique wall structure, a substrate material used was 5083 with dimensions
500 X 250 X 20 mm3. Chemical composition is given in Table 3.5.

3.3.2.1.3 Shielding gas
Details are same as discussed earlier in 3.2.2.1.3 section.
3.3.2.2 Process and welding robot

Pulsed-MIG technique was considered for primary investigation. All details regarding pulsed-MIG and

robot are discussed in previous section of 3.2.2.2 and Figure 3.2.
3.3.2.3 Deposition parameters

For manufacturing of total four walls, two heat inputs were used. Refer Table 3.6 for deposition
parameters of pulsed-MIG technique and Figure 3.10 and Figure 3.11 for graphical presentation of

current, voltage and heat input variations.
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3.3.2.4 Manufacturing of samples

A component with staggered layer deposition of five layers was manufactured such that samples for
macro and micro examination can be extracted from each layer of each structure separately. Illustration
of component can be found in Figure 3.18. Two components with staggered layers were built by using
high heat input and two interlayer temperatures, 50°C and 100°C. Alternatively, the procedure was
replicated for low heat input. Thus, overall four staggered layers components were manufactured.
Similar interlayer-temperature was maintained at the substrate for respective components. As discussed
in 3.2.2.6 section, a K-type contact thermometer was practiced for the measurement of interlayer-

temperature at each layer before deposition of next layer.

Sample extraction location

Layer 5

Layer |

(a)

Substrate

< Structure 2

_we{— Structure 1

" (b)

Sample extraction location

Figure 3.18 Schematic showing a side view of staggered layered component (a) and image showing a
top view with location of sample extraction for macro and micro examination (b).

3.3.2.5 Sample nomenclature

Macro and micro structure of each layer of each deposited component was examined and therefore, an
identification was given to each test sample extracted from staggered component. For two variables of
heat input, ‘H’ and ‘L’ letters were used for high and low heat input respectively followed by ‘50’ and
‘100’ representing two interlayer-temperatures 50 and 100°C respectively. Numbers 1 to 5 were
allocated for similar layered component from staggered section. For example 1H50 represented single
layered component with high heat input and 50°C interlayer-temperature while SL100 indicated 5

layered sample manufactured with low heat input and 100°C interlayer-temperature.
3.3.2.6 Macro and microstructural examination

From the locations shown in Figure 3.18, which represents central and stable part of deposition for that
respective layer, suitable shaped 20 samples were extracted for macro and micro analysis. A standard
cold mounting procedure was followed using Quick-set cold mounting kit made by MetPrep. Later,

samples were polished using standard polishing papers having grades from 120, 320, 600, 1200 and
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2500 sequentially. Sample polishing on paper was performed under a steadily flowing water. After
completion of paper polishing, samples were polished on a lap wheel with lubricating agent having
suspended diamond particles of a size varying from 3 pm, 1 pm and ¥4 um sequentially.

Macro analysis was carried out to determine geometrical variations with respect to height and width of
each prepared sample. Optical microscope with Leica — LAS v4.4 software package was used for the
same. Schematic representation of geometrical terms applied during macro analysis are shown in Figure
3.19. Further, microstructural analysis involved careful electrolytic etching (anodising) of samples with
Barker’s reagent, 6% Fluoroboric acid (HBF4) in water for 90 seconds. Current and voltage during the
anodising was maintained approximately 0.5A and 30V respectively. Polarised microscope was used
for microstructure observations with Leica software. Grain size measurement was performed following
the standard line intercept method defined under ASTM 112-13.
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Layer width
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Figure 3.19 Schematic representation of geometrical terms applied during macro analysis.

3.3.3 Part-II Comparative investigation of pulsed-MIG and cold metal transfer (CMT)

After obtaining initial results regarding the effect of heat input and interlayer-temperature macro and
micro features, in depth study was undertaken. Along with the heat input and interlayer-temperature,
metal deposition technique and interlayer-dwell-time were also considered (refer Figure 3.16). Total 16

samples were manufactured.

Procedure followed for manufacturing of total 16 samples with unique nomenclature was identical to
the procedure described in 3.2.3.5. Refer 3.2.3.1, 3.2.3.2, 3.2.3.3, 3.2.3.4, 3.2.3.5, from 3.2.3 for
materials, processes, metal deposition parameter, deposition technique and sample nomenclature details
respectively. Microstructural examination was performed following the similar procedure detailed in

3.3.2.6 subsection. Also, refer Figure 3.15 for the use and arrangement of thermal camera. Thus, similar
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processing conditions were followed while manufacturing 16 samples for porosity and microstructural

study.
3.3.3.1 Micro examination with electron backscattered diffraction (EBSD)

Chosen samples from CMT process were scanned under Zeiss made scanning electron microscope with
electron back scattered diffraction (EBSD) mode for microstructural investigations. An area of 1 mm X
1 mm map size was selected with 6 um step size for the study. Before processing samples under EBSD,
samples were polished with polishing paper grades starting from 120, 320, 600, 1200 and 2500
sequentially with steady water flow. Later, samples were lap polished with rotating lapping wheel
having lubricating agent with suspended diamond particle of size 3 pm, 1 um and % pm consecutively.

The polished surface was them scanned for EBSD without any further treatment.
3.3.3.2 Mechanical testing
3.3.3.2.1 Tensile

From the processed samples, eight pulsed-MIG samples were tested for tensile properties following
ASTM E8/E8M-16a Method C. Two sub-sized tensile test specimens in horizontal direction were

extracted from bottom and top portion of deposited walls as shown in Figure 3.20.

Tensile samples Hardness samples WAAM deposit

I

0.

08

(AL

e

i

Figure 3.20 Approximate locations of tensile and hardness specimens.

3.3.3.2.2 Hardness

Further, hardness testing was carried out on all 16 samples. Refer Figure 3.20 for approximate location
hardness sample. Vickers hardness number was obtained by applying 200 g load at every 0.5 mm
distance starting from top of the deposit up to substrate as shown in Figure 3.21. All the testing was
carried out following the guidelines as per BS EN ISO 6507-1:2005.

3.3.3.3 Alternative wire arc additive manufactured (WAAM) structure

A parallel study was conducted for determining the effect of orientation of tensile specimens with
respect to deposited layers. Two multibead-multilayer WAAM structures were manufactured with
pulsed-MIG low heat input conditions (refer Table 3.6 for parameters) following a layer deposition
sequence as shown in Figure 3.22. Odd number of layers were deposited using layer pattern depicted in
Figure 3.22a while all even layers were deposited using patter in Figure 3.22b. Two structures
represented two different interlayer-temperatures that is 50 and 100 °C. A wall structure was

approximately 250 mm long, 165 mm high and 15 mm thick.
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Figure 3.21 Hardness specimen C-LH-T1 with hardness indentation marks.

Finish

Finish

(b)

Figure 3.22 A layer deposition sequence followed in multibead-multilayer deposition. All odd
numbered layers deposited using pattern in (a) while even number of layers were deposited using
pattern in (b).

Later, total six tensile specimens were extracted from each wall structure such that three specimens
were horizontal and three were vertical. All samples were tested following BS EN ISO 6892-1:2016
standard guidelines. A separate nomenclatures was initiated for identification of each tensile specimen.
For example, specimen identification 1-T1-A-H denoted a wall structure number 1 manufactured with
50°C interlayer-temperature at a position ‘A’ in horizontal direction. Similarly, 2-T2-C-V represented
wall structure number 2 with 100°C interlayer-temperature from location ‘C’ and had vertical
orientation. Refer Figure 3.23 for more details.
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Figure 3.23 Location of tensile samples for multibead-multilayer WAAM structures.

3.4 Residual stress

3.4.1 Introduction

From literature review it was asserted that residual stress in WAAM component is one of the major
concerns and needs in depth investigation. Further, particularly with WAAM, high strength alloys such
as Ti-6Al-4V and Ni-based alloys have been studied for residual stress, however, aluminium is less
attended. Also, the effect of parameter change on residual stress and its distribution is not widely
reported in the open literature. In view of this, study was directed towards the effects of change of
processing parameters on residual stresses in WAAM of aluminium. Interlayer-temperature, substrate
thickness, heat input, number of layers and total deposit height were the main variables. The concept

followed during residual stress study is manifested in Figure 3.24.

Residual stress

1

WAAM part o Bialaampls e . i
1. Type — I Conventional samples 8 (Horizontal substrate) :

1

1

manniactusng 2. Type — II — Unconventional sample 1 (Vertical substrate)

______________________________________________________________________ \
1

1
: Only for Type —1 !
1
: Piininelers 1. Interlayer—tgmperature !
. considered = Eleat i :
i : 3. Substrate thickness !
: 4. Total number of layers (deposit height) |
e ot s oo P Pt PP et a5 o e X e e
---------------------------------------------------------------------- i
| Stress |
i Contour method '
| measurement :

Figure 3.24 Concept followed for residual stress study.
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3.4.2 Material and consumables
3.4.2.1 Feed stock wire

Details of feed stock wire 5183 are same as discussed earlier in 3.2.3.1 section. Refer Table 3.4 for

chemical composition.
3.4.2.2 Substrate

For the production of eight wall structures, a substrate material used was 5083 with dimensions of 150
mm length and 125 mm width. For Type 1 samples, 6 and 20 mm thick substrates were used. For Type
2 sample, substrate plate with dimensions 150 x 60 x 6 mm® was used. Chemical composition of a

substrate plates is given in Table 3.8.

Table 3.8 Chemical composition of substrate plate 5083 in wt% for 6 and 20 mm thick substrate.

Plate

i M Ti F M Z Al
thickness Si n Cr Cu i e g n

6 mm 0.07 0.48 0.07 0.04 0.02 0.32 4.61 0.01 | Balance

20 mm 0.11 0.66 0.06 0.05 0.05 0.25 4.74 0.05 | Balance

3.4.2.3 Shielding gas
Details are same as discussed earlier in 3.2.2.1.3 section.
3.4.3 Process and welding robot

Only pulsed-MIG technique was considered for residual stress study. All details regarding pulsed-MIG

and robot are discussed in 3.2.2.2 section and Figure 3.2.
3.4.4 Manufacturing of samples

Total nine samples for residual stress measurement were categorised onto 2 types based on the substrate
dimensions. Total eight samples in Type 1 were manufactured with conventional approach where
substrate was horizontal. Out of eight, six samples had 20 mm thickness while rest two possessed 6 mm
thick substrate. The single bead multilayer WAAM parts, similar to 16 samples manufactured for
porosity and microstructural study, of a length 100 mm were deposited on a plane with 150 x 125 mm?
dimensions. As described in Figure 3.24, heat input, interlayer-temperature, substrate thickness and
total number of layers that is height of deposit was varied. A proper clamping arrangement was made
such that substrate should not bend/warp during metal deposition. All the details about deposition
conditions are tabulated in Table 3.9. Detailed illustration of metal deposition for Type 1 samples can

be found in Figure 3.25.

65



Table 3.9 Parameters used for manufacturing of nine samples.

———Electric arc

Deposit J
e
77777777777 »

Feed stock wire

Molten droplets

Sample | Sample Substrate | N ber of Deposit Heat input Interlayer-
tvpe number thickness layers height (mm) (J/mm) temperature
P (mm) (OC)
1 20 20 35 280 50
2 20 10 18 280 50
3 20 26 35 120 50
4 20 20 35 280 100
Type 1
5 20 10 18 280 100
6 20 26 35 120 100
7 6 10 18 280 50
8 6 10 18 280 100
Type 2 9 6 15 19 120 _
Torch moving
direction P-MIG PMIG
[ et toich A

[

A
Successive metal layer ' Build Deposit |
deposition direction | direction ||
Substrate Substrate

(a) Front view: Type 1

(b) Side view: Type 1

Figure 3.25 Schematic of WAAM process for manufacturing of Type 1 samples. Front view (a) and
side view (b).

The last, sample 9, was manufactured with vertical substrate. Thus, smaller plane of a substrate, 150 X

6 mm? was used for layer deposition. Total layer length for Type 2 sample was 150 mm in contrast to

100 mm for type 1. Therefore, substrate height for sample 9 was 60 mm while length was 150 mm.

Details about metal depositing parameters are given in Table 3.9. Details about manufacturing are

depicted in Figure 3.26.
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Figure 3.26 Schematic of WAAM process for manufacturing of Type 2 samples. Front view (a) and
side view (b).

3.4.5 Contour method for residual stress measurement

3.4.5.1 Concept

Contour method is a destructive residual stress measurement technique that is based on the stress
relaxation. In contour method, a part is cut into two halves, and the stress component being measured
is normal to the cut surface. A wire electro-discharge machining (WEDM) is used to cut the
component/part in which stress state is to be determined. It is assumed for the cutting stage that the cut
surface is flat and no new stresses are incorporated. Followed by cutting stage, both the cut
surfaces/halves are measured with a coordinate measuring machine (CMM) to get the displacement
profile. Then data analysis is carried out to average, clean and smooth the measured surface
displacement data. Finally a 3D FE model of one of the cut surfaces is built and the reverse of the
measured contour is applied as the displacement boundary condition. The constraints are applied to
model to avoid rigid body motion. A linear elastic FE analysis is finally used to calculate the residual
stress in the sample. A schematic of contour process and steps followed are given in Figure 3.27.

3.4.5.2 Experimental setup and procedure

After required layers of metal deposition, samples were unclamped from the work station for further
testing. In order to determine the residual stresses in longitudinal direction of torch travel, samples were
cut in transverse direction of wall length. A central cut was made using wire electric discharge machine
Robocut a-C600i made by Fanuc. A brass wire with diameter 250 pm was used. All samples were cut
in a similar fashion as cut started at substrate, then through substrate and deposit simultaneously and
finally through remaining substrate. The cutting speed maintained was less than 1mm/min. WAAM
sample before and after cut is shown in Figure 3.28.
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Figure 3.27 Schematic of procedure and steps followed in contour method. Manufactured part (a),
after cutting a part at desired location with WEDM (b), contour measurement using coordinate
measurement machine (c), data analysis and filtering (d), finite elemental analysis and data fixing (e)
and plotting of graph stress versus distance (f).
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Figure 3.28 Images of WAAM sample (a) and WAAM sample after WEDM cut (b).

A cut surface contour that is displacement profile was measured using a Contura g2 coordinate
measurement machine (CMM) manufactured by Zeiss. A 3 mm diameter probe was used. The distance
from perimeter and between the individual measurement points in both directions of the sample surface
was set as 0.4 mm. Later, MatLab was used for post processing of the recorded data for aligning,
cleaning and smoothing. A cubic spine knot spacing of 10 and 7 mm was used along X and Y directions
for data smoothing for sample 1 to 6 and 7 to 8 respectively. Further, a finite elemental model was
developed for one of the cut surfaces. A 8-node brick element (C3D8R) of Abaqus software was
employed. Non-uniform mesh size (that is distance between adjacent FE nodes) was used on the cut
surface, and this distance was in the range of 0.5 - 1 mm for all samples. Material properties Young’s

modulus i.e. modulus of elasticity (E) and Poisson’s ratio (v) were 70.3 GPa and 0.33 respectively.
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Chapter 4: Correlation between
Porosity and Hydrogen
Dissolution

4.1 Introduction

Broad applications of low cost aluminium alloys in the aerospace and automotive sectors attracted many
researchers. During aluminium fabrication, inter-granular cracking [16] and porosity formation as a
result of hydrogen pick up [78,90] are the widely discussed issues. Difference in the limit of solubility
of hydrogen in liquid and solid state aluminium drives pore formation. The solubility of hydrogen in
liquid state of aluminium is 17.5 times higher than solid state (0.4 ml/kg in solid while 7 ml/kg in liquid)
[15]. Primary sources of hydrogen during welding and WAAM fabrication are hydrocarbons in the form
of grease carried from wire fabrication/drawing process and a moisture on the filler wire [14,90,136].
Secondary sources are tubes, hoses, contaminations and moisture in shielding gas and moisture from
substrate plate. In addition, dissolved hydrogen in feed wire and substrate can add up to the total
hydrogen value. Liquid aluminium readily absorbs atomic hydrogen formed from hydrogen present in
the contaminants during fabrication process [136].

As discussed in literature review chapter, dip metal deposition mode of CMT has profoundly reduced
the overall porosity thanks to low heat input and unique mode of metal deposition method [3,78,90]
than traditional metal inert gas (GMAW) method. In additive manufacturing of aluminium, metal
deposition in a layer format imposes repeated reheating of earlier deposited layers that not only affects
microstructure and mechanical properties but also porosity and residual stresses [3,67,89,129].
Therefore, it is imperative to control the heat input and manage the heat distribution intuitively for
betterment of material properties in robotic metal operation. More commonly in robot controlled metal
deposition, time lag between two depositing layers is managed [89,90]; however, the dwell-time does
not account and control the heat distribution evenly throughout the forming part that entirely depends
upon its size and shape. Actual temperature of the top layer, interlayer-temperature, could be one of the
reasonable aspects. In a similar approach Geng et al. [137] reported the improved layer appearance by
controlling initial layer temperature upto 120°C. A welding standard BS EN 1011-4:2000 recommends

application of interpass temperature of 120°C for welding of 5xxx series aluminium alloys.

The effects of varying heat input, inter-layer temperature and interlayer dwell time on porosity
formation, distribution and overall hydrogen dissolution are studied in this chapter. Thus, samples
produced from conventional pulsed MIG and CMT are compared for metal deposition methods,
hydrogen dissolution and porosity formation.

This chapter focuses on the effects of different metal deposition conditions on porosity formation,

porosity distribution and hydrogen dissolution in wire arc additively manufactured (WAAM)
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aluminium (refer section 3.2 for related experimental details). The chapter is divided into two parts
where part 1 discusses initial study focused on effect of interlayer-temperature on porosity formation
and distribution in thick walled (~ 45 mm) WAAM part. Related experiments are described in section
3.2.2 of chapter 3. The second part of the chapter incorporates detailed understanding of effect of metal
deposition techniques that is pulsed MIG and CMT, heat inputs, interlayer-temperatures and interlayer-
dwell-times on porosity formation, distribution and hydrogen dissolution in thin (~ 8-9 mm) WAAM

parts. The experiments related to this part are described under section 3.2.3 of chapter 3.

4.2 Part -1 Understanding the effect of interlayer-temperature

This section is focused on the results and related discussion referring to the experiments described in
section 3.2.2 i.e. manufacturing of two thick WAAM walls with interlayer temperature 50 and 100°C
manufactured using pulsed MIG and were X-CT scanned for porosity measurement. Also, tensile and
macro examination was carried out in order to determine the effect of interlayer temperature on porosity

formation and distribution.
4.2.1 Pore size, volume and distribution

Optical microscopy can be used for porosity measurement, however, the method is restricted to the
observing surfaces and two dimensional planes. These results cannot guaranty its replication in three
dimensions, hence, surface observations cannot be implied in volumetric scale because it depends upon
the selection of an observation surface. Thus, the results are often subjected to errors if such a replication
is assumed. The CT radiography reveals volumetric defects that not only increases the accuracy level

of the defect identification but also it offers insight into material characterisation.

Two walls manufactured with 50 and 100°C interlayer temperature are shown in Figure 4.1a and b
respectively. Wall-1 and Wall-2 showed overall 0.008624% and 0.007204% porosity by volume
respectively in the considered stable metal deposition area having volume 149625 mm?. It is important
to mention that all the pores with volume greater than 0.01 mm?® or diameter higher than 0.13 mm were
considered in the study. The reason being the limitation on the resolution of CT scanning in detecting

pores smaller than 0.01 mm?® in WAAM wall of 550000 mm? (approx.) volume.

Defect volume [mm3]

15
1

Wall 1 with (50")
(a)

Figure 4.1 CT radiography image of Wall 1 (a) and Wall 2 (b) having 50 and 100°C interlayer
temperature respectively
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It was clear from Table 4.1 that 50°C and 100°C interlayer temperature samples possessed 12.905 and
10.78 mm? pores respectively that is low interlayer temperature sample showed 19.71 % more porosity
than high interlayer temperature sample. Pores with volume range between 0.01 and 0.05 mm? occupied
around 60% of the total pore volume in both the walls. Pore size between 0.05 and 0.2 mm*® were 3.615
mm? (27.41% of pore total volume) and 4.332 mm® (50.19% of total volume) in Wall-1 and Wall-2
respectively. Interestingly, high interlayer temperature sample showed no pore with volume greater than
0.2 mm®, however, low interlayer sample contained 1.601 mm? of pores contributing 12.4% of total

pore volume.

Table 4.1 Comparison of pore volume fraction and pore count based on individual pore volume.

P Wall 1 (50°C interlayer temperature) Wall 2 (100°C interlayer temperature)
ore
volume | Volume Volume Total Volume Volume Total
(mm®) (mm’) fraction pore Count % (mm’) fraction pore Count %
% Count % Count
0(')0357 7.689 59.59 401 89.11 6.448 59.81 316 85.87
0'851_ 2.288 17.13 35 7.78 2.625 34.36 39 10.59
%11; 0.851 6.59 7 1.56 1.061 9.84 9 2.45
0'5527 0.476 3.69 3 0.67 0.646 5.99 4 1.09
02-03 0 0 0 0 0 0 0 0
03-04] 0.723 5.6 2 0.44 0 0 0 0
>0.4 0.878 6.8 2 0.44 0 0 0 0
Total 12.905 100 450 100 10.78 100 368 100

Total number of pores were more in 50°C interlayer sample which was 450 compared to 100°C
interlayer samples that showed 368. Number of pores with size ranging from 0.01 to 0.05 mm® were
more than 85% in both the walls. The contribution of pores varying from 0.05 to 0.2 mm® was 10% and
14% in Wall-1 and Wall-2 respectively. Pores with size greater than 0.2 mm® showed less than 1%
contribution in low interlayer temperature case and no pore of similar size was present in high interlayer

temperature sample.

Further, for simplicity, pores were categorised into three ranges based on diameters. Pore dimeter was
calculated from available pore volume assuming pores were perfect sphere. Pores with diameter from
0.13 to 0.2 mm (small pores) occupied more than 45% of total pore volume fraction in both the walls
(refer Table 4.2). Medium size pores were 29.82% in Wall-1, however, it was 44.25% in Wall-2. Lastly,
volume fraction of large pores was found higher in Wall-1 than Wall-2. Interlayer temperature showed
impact on porosity distribution. Considering the number of pores present in the walls, small pores
dominated the pore distribution contributing more than 75% in both the walls. Further, similar trends

as that of volume fraction percentage were observed in pore numbers.
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Table 4.2 Comparison of pore volume fraction and pore count based on individual pore diameter.

Average Wall-1 (50°C interlayer Wall-2(50°C interlayer
oreg temperature) temperature)
Size di;)meter
range Volume Volume
range Volume . Count | Volume . Count
fraction | Count o fraction | Count o
(mm) (mm?) % 7 (mm?) o /o

Small | 0.13-0.2 | 6.440 49.90 372 82.67 | 4.949 45.90 281 76.36

Medium | 0.2-0.3 3.849 29.82 67 14.89 | 4.770 44.25 80 21.73

Large >0.3 2.616 20.28 11 2.44 1.061 9.85 7 1.91

Total 12.905 100 450 100 70.78 100 368 100

Comparison is made amongst normalised distances of pores from the centroid of all pores as a function
of interlayer temperature and pore sizes (large pores are not considered due to less numbers). Referring
to Figure 4.2, the average normalised distance from centroid of all pores was smaller for medium sized
pores in high interlayer condition than rest of the cases. Additionally, the distribution of small pores on
the normal distribution curves was comparatively wider for high interlayer temperature suggesting that
the variance in the normalised distance of the pores was larger that is non uniform distribution of pores
in the high interlayer temperature sample. Least variance was recorded for medium sized pores with
low interlayer temperature. Curves of small and medium sized pores of low interlayer temperature were
in conjunction with each other, however, variation in average normalised distance was present in high

interlayer samples.

3.5

Probability distribut

Normalised distance

Wall-1 Small pores = = -Wall-1 Medium pores Wall-2 Small pores = = -Wall-2 Medium pores

Figure 4.2 Effect of interlayer temperature on normal distribution of pore normalised distances from
centroid of all pores in thick wall samples.

Effect of interlayer temperature on pore sizes can be displayed with respect to the probability

distribution graph as shown in Figure 4.3. Both the curves reach peak value at approximately the same
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pore diameter which is just below 0.2 mm (approximately 0.18 mm) indicating that average pore
dimeter is roughly similar irrespective of the interlayer temperature considered; however, high
interlayer temperature showed higher peak indicating higher probability for average sized pores along
with high variance.

10

Probability distribution

0 0.1 0.2 0.3 0.4
Pore diameter (mm)

—Wall-1 —Wall-2

Figure 4.3 Effect of interlayer temperature on normal distribution of pore sizes in thick wall samples.

4.2.2 Heat effects

Two manufactured walls revealed increased porosity at the central part of one surface as can be seen in
Figure 4.1. This area was identified as a set of points of start and end of layers where metal deposition
was unstable. Therefore, this part of the wall was omitted from the study. An area highlighted the need
of optimisation of metal deposition parameters to avoid defect formation at the start and end of the
deposited part. The importance of uniform height and shape of the deposited layer that serves as base
for successive layer has been highlighted by Xiong et al. [85] and Xiong et al.[82]. A minor increase or
decrease in height at the start and/or end of a layer adds-up to a significant value after 5 to 7 layers
which can be evidenced from Figure 4.4. Thus, the unequal surface at the start and end of a layer
increases possibility of forging weld defects. Therefore, the WAAM part with stable metal deposition
was considered during the study. Apart from the defect accumulated area, other part showed random
distribution of pores.

Figure 4.4 Effect bead height variation and its cumulative effect on overall shape of WAAM part.

During the solidification of the molten weld pool, dissolved atomic hydrogen in solid metal is rejected

into the liquid metal depending upon the temperature and the difference in solubility limit of hydrogen
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in liquid and solid aluminium. The quickly formed oxide layer also absorbs hydrogen from moisture in
the air. The continuously increasing hydrogen in liquid reaches to solubility limit and finally forms a
pore at the grain boundary of the solidified metal. Depending upon the pore size and buoyancy force,
pores are usually entrapped at the top of the fusion line [138]. A macro of the wall samples reveals
increased porosity at the fusion lines (refer Figure 4.5).

Figure 4.5 Macro test specimen revealing fusion lines.

The possibility of increased pores at the top layer could be floatation of pores layer by layer. While
depositing successive layer, pores at the surface of the previous layer were taken to next layer by partial
re-melting and addition of new liquid metal by welding arc. The entrapped pores at the bottom of the
previous layer cannot reach to the top. Also, arc forces while depositing next layer possess limited
penetration where liquid metal cannot form, the entrapped porosity remains untouched that can be
witnessed as increased porosity near the fusion line. The inter layer waiting time for Wall-2 was less
than Wall-1. During the solidification of metal while depositing a layer, comparatively faster
solidification is expected at Wall-1 than Wall-2 due to lower and higher interpass temperatures
respectively. Thus, liquid metal is exposed to the air for a longer time in Wall-2 than Wall-1. Also, the
solidified metal at top surface is readily exposed to the air for longer time period compared to the rest
part of wall and thus, comparatively higher cooling effect is expected at the top surface. Thus, it can be
inferred that the time was insufficient for coalescence and growth of the micro pores at the top layer.
This could explain the presence of majority of the small sized pores at the top surface. The effect greatly

increases along with wall height.

The presence of large sized pores in Wall 1 can be attributed to the classical Ostwald Ripening effect
[90]. The inter-pores coalescence is expected from the micro-pores as well as hydrogen entrapment site
such as grain boundaries or lattice imperfections. As explained previously, the entrapped untouched
pores at the fusion line are cyclically exposed to higher and lower temperatures by successive deposition
of weld layers. A time factor greatly influences the hydrogen diffusion and coarsening of pores. Pores
of Wall-1 were exposed to higher temperature for longer time due to the increased inter-layer waiting
time compared to Wall-2 that could have allowed hydrogen diffusion and pore coarsening. This could

be the reason for the presence of large sized pores in Wall-1 which were virtually absent in Wall-2. In
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previous studies on pore coarsening [90,138] a single bead wall structure was considered (wall width
around 6 to 7 mm) where heat extraction is comparatively faster compared with higher width wall
structures such as 45mm studied in this study. As discussed in Section 2.2, only temperature of the top
layer was the criteria for deposition of next layer, the temperature of the wall samples below 3 to 4
layers was certainly much higher than measured at the top due to heat sink effect. From the experimental
results it can be deduced that the mechanism of formation of large pore is not only a function of
solubility limit and temperature alone but also a rate of heat extraction and time that facilitates the

movement of entrapped dissolved hydrogen through pipes such as dislocations.

In overall comparison, Wall-2 displayed reduced porosity over Wall-1. It can be said that the porosities
that passed upwards through the solidifying melt to the top of the layer were disturbed by the deposition
of next layer. The overall hydrogen content was more than the solubility limit so that most of the

hydrogen gas was released to the air reducing overall hydrogen content in the wall sample.
4.2.3 Tensile properties

Wall 1 and 2 with 50 and 100°C interlayer temperatures respectively manufactured as per descried in
section 3.2.2.5 were tested for tensile properties. Tensile testing was carried out following BS EN ISO
6892-1:2016 as described in section 3.2.2.8. Total six samples, three in horizontal and three in vertical
direction, were exacted as shown in Figure 3.8 of chapter 3. The weld consumable is expected to give
typical tensile strength, yield strength and % elongation of 265MPa, 120 MPa and 26% respectively,
based on data provided by the consumable manufacturer; however, based on the specimen locations in
the WAAM walls, not all specimens showed expected properties. A comparable compositional wrought
products, 5083 and 5086 reveal 290 and 260 MPa tensile strength, 145 and 115 MPa yield strength and
22 % elongation respectively [127]. Figure 4.6 compares the ultimate tensile strengths of Wall-1 and
Wall-2 in horizontal and vertical directions. From Figure 4.6, all the specimens from Wall-2 revealed
tensile strength higher than the recommended by manufacturer, except for one specimen (specimen no.
9) that witnessed pores at the fracture surface; however, total three specimens from Wall-1 showed less
strength than recommended. Horizontal specimens showed higher tensile properties than vertical
specimens in both the wall samples. The average tensile strength of the horizontal specimens was 3.6

and 3.9 % more than vertical specimens for Wall-1 and Wall-2 respectively.

Vertical specimens contained more fusion lines and thus increased entrapped pores, as disused earlier,
than the horizontal specimens. The multiple existence of fusion lines and increased pore numbers could
be the possible reason for reduced strength for the samples in vertical direction. In case of horizontal
specimens, such multiple fusion lines were absent due to its parallel orientation with the direction of
layer deposition (torch progression). Comparing the overall strength of the two walls, Wall-2 with

higher interpass temperature showed more strength than Wall-1 with marginal difference of 4 MPa.
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Figure 4.6 Comparison of tensile strengths of specimens extracted from Wall-1 (specimens 1 to 6) and
Wall-2 (specimens 7 to 12).

4.3 Part—IIInvestigations into porosity and hydrogen dissolution in pulsed-MIG
and cold metal transfer (CMT)

This section of the chapter is focused on results and related discussion referring to the experiments
described in section 3.2.3 i.e. manufacturing of sixteen WAAM walls with combination of interlayer
temperature (50 and 100°C), heat input (~ 280 and 120 J/mm), metal deposition technique of MIG
variants (pulsed MIG and CMT) and interlayer dwell time (30 seconds and 2 minutes). Further these
walls were X-CT scanned for porosity measurement. Hydrogen dissolution study was carried out in
order to investigate interrelation and effect of mentioned variables on porosity formation.

4.3.1 Volume consideration

Figure 4.7a and b show XCT scan images of C-HH-T2 and P-HH-T2 samples respectively. Similar
porosity distribution data and images were obtained for all 16 samples. From Figure 4.7a and b it was
clear that porosity population increased at arc start and stop areas. In general, these areas are machined
off from the final part, therefore, they are omitted from the analysis. A stable metal deposition area,
roughly more than 15 mm away from arc start and stop and more than 6 mm above the substrate, was
considered for detailed analysis. Porosity observable at the YZ plane from the representative

micrographs of C-HH-T2 and P-HH-T2 samples can be seen in Figure 4.7c and d.
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Figure 4.7 XCT image of Samples (a) C-HH-T2 and (b) P-HH-T2. Porosity morphology in the same
samples (c) C-HH-T2 and (d) P-HH-T2.

4.3.2 Porosity content comparison

4.3.2.1 Effect of metal deposition techniques (Pulsed MIG versus cold metal transfer (CMT))

Processing techniques showed significant effect on the pore content. Pulsed MIG samples displayed
higher overall pore volume compared with samples manufactured using CMT technique. Table 4.3
compares respective overall pore volume of samples manufactured with different conditions such as
interlayer-temperature, interlayer-dwell-time and heat input. Dip metal transfer mechanism, oscillating
wire with high frequency and low heat input offered by CMT developed less porosity [78,92] compared
to pulsed MIG samples. As an exception, pulsed MIG sample processed with 30 seconds interlayer-
dwell-time and high heat input (P-HH-t1) revealed reduced porosity compared to an equivalent CMT
sample (C-HH-tl) by 6%. Samples prepared using CMT and pulsed MIG with 100°C interlayer-
temperature and high heat input (C-HH-T2 and P-HH-T?2) disclosed least that is 10% difference in the
porosity content. Conversely, 50°C interlayer-temperature and low heat input processed samples, C-
LH-T1 and P-LH-T1, exhibited highest difference of 390% in porosity content. On similar note, 120
seconds interlayer-dwell-time and low heat input samples from CMT and pulsed MIG (C-LH-t2 and P-

LH-t2) also showed significant 360% difference in porosity content.
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Table 4.3 Overall Pore volume percentage of samples manufactured using different interlayer-
temperatures (sets 1 and 2) and interlayer-dwell-times (Sets 3 and 4).

. Overall pore volume % with
Process Heat input Sample ID respect to sample volume
P-HH-T1 0.106
High
Pulsed MIG P-HH-T2 0.063
(Set 1) P-LH-TI 0.152
Low
P-LH-T2 0.122
C-HH-T1 0.05
High
CMT C-HH-T2 0.057
(Set2) C-LH-TI 0.031
Low
C-LH-T2 0.041
P-HH-t1 0.066
High
Pulsed - MIG P-HH-t2 0.127
(Set3) P-LH-tl 0.077
Low
P-LH-t2 0.175
C-HH-t1 0.07
High
CMT C-HH-t2 0.061
(Set4) C-LH-t1 0.049
Low
C-LH-t2 0.038

4.3.2.2 Effect of heat input

Similar processed CMT and pulsed MIG samples witnessed opposite effect of heat input on overall
porosity content. Irrespective of the control methods such as interlayer-dwell-time or interlayer-
temperature, all CMT samples manufactured with low heat input showed reduced overall pore volume
than high heat input samples (refer Table 4.3). Largest difference of 61.2% in the porosity volume for
CMT samples was noticed between high and low heat input samples (C-HH-T1 and C-LH-T1 having
0.05% and 0.031% overall pore volume respectively) produced using 50°C interlayer-temperature while

smallest difference of 39% was witnessed between sample produced with 100°C interlayer-temperature.

On the contrary, in case of pulsed MIG processed samples, high heat input samples disclosed less pore
by total volume than low heat samples as can be seen from Table 4.3. Highest difference, 93.6%, was
present between pulsed MIG samples manufactured with 100°C interlayer-temperature (P-LH-T2 and
P-HH-T2 with 0.122% and 0.063% overall pore volume respectively). Samples with 30 seconds
interlayer-dwell-time (P-LH-t1 and P-LH-t2) showed least difference of 16.6%.

78



4.3.2.3 Effect of an interlayer-temperature and dwell time

One of the important parameters in the study, interlayer-temperature, affected the pore content. Pulsed
MIG processed high interlayer-temperature samples showed reduced overall pore content compared
low interlayer-temperature samples for similar heat input cases. For high heat input case, the difference
was observed around 68% for P-HH-T1 and P-HH-T2 samples and it was reduced to 24.5% for (P-LH-
T1 and P-LH-T2) low heat input samples (Table 4.3); however, reversed trend was observed for CMT
samples. More porosity was revealed by high interlayer-temperature samples compared to low
interlayer-temperature that can be seen by comparing C-HH-T2 with C-HH-T1 and C-LH-T2 with C-
LH-TI.

Interlayer-dwell-time also found to have an influence on porosity. Results from 30 and 120 seconds
interlayer-dwell-time could be compared with 100°C and 50°C interlayer-temperature. Considering
pulsed MIG process, the 30 seconds interlayer-dwell-time samples showed lower porosity than 120
seconds irrespective of the heat input. The difference as high as 92% and 127% was reported for high
and low heat input samples respectively. CMT samples showed increased porosity content for 30
seconds interlayer-dwell-time compared to 120 seconds samples. The difference of 29% and 15% for
low and high heat input samples was observed.

4.3.3 Pore size

Pore distribution and size within each sample was measured by XCT scans and relative percentage
population was identified by processing software. Pore size smaller than 0.1 mm that is 100 um was
not considered in the study due to machine restrictions and its negligible effect on fatigue life [139]. All
the identified pores were categorised into 3 sections depending upon the size; small pores ranging from
0.11 mm to 0.2 mm, medium from 0.21 mm to 0.3 mm and large with size more than 0.31 mm. Pore

count fraction for each size range is provided in Table 4.4.

Table 4.4 Pore size wise pore count fraction comparison for pulsed MIG and CMT processed

samples.
Pore count fraction (%)
Pore diameter range (mm) Pulsed MIG CMT
Small (0.11 —0.20) 52.79-62.9 60.69 —77.47
Medium (0.21 — 0.30) 32.34-42.36 20.0 —35.59
Large (= 0.31) 33-5.78 1.15-4.63

From Table 4.4 it can be deduced that medium and large sized pores were dominant in pulsed MIG
samples, however, small pores were largely found in CMT processed samples. Despite some small
differences, the pattern was replicated in both interlayer-temperature and interlayer-dwell-time controls
as can be seen from Figure 4.8 a and b. For all the considered 16 samples, it was evident that small
pores were predominant with total pore count of more than 50%. Further, it can be said that significant
amount of medium sized pores were present. Amongst all the CMT samples, small pores were counting
from 60.67% to 77.47% of total pores in respective samples. The count percentage of small pores was
relatively less for pulsed MIG samples which was varying from 52.79% to 62.9%. In case of medium
size pores, relatively higher count was observed in pulsed MIG samples which was varying from 32.2%
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to 42.3% while CMT samples showed lower range from 20% to 35.5%. Similar to medium sized pores,
large pores were around 3.3% to 5.8% in pulsed MIG processed samples and much less in CMT samples
(1.15% to 4.63%).
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Figure 4.8 Count percentage of small, medium and large sized porosity ranges in the samples
manufactured with (a) interlayer-temperature control and (b) interlayer-dwell-time control.

4.3.4 Pore size distribution

XCT scans results of pore size distribution are shown in Figure 4.9 to Figure 4.12. Probability
distribution of pores with respect to pore size, interlayer-temperature and high and low heat inputs on
CMT processed samples is illustrated in Figure 4.9. From the probability curves, average pore size,
hence, the peak of curves was same in all four cases that is 0.2 mm, in split of minor increment in the
average for high heat input samples. High heat input samples showed wider pore size distribution than
low heat input. Despite the heat input, high-interlayer-temperature samples revealed greater variation
in porosity diameter distribution than low interlayer-temperature. Hence, samples prepared with high

interlayer-temperature and high heat input had increased irregularities in pore sizes.

Similar conditions were applied to pulsed MIG samples and surprisingly, the trend was found to be
reversed for interlayer-temperature controlled samples as shown in Figure 4.10. Samples from lower

interlayer-temperature showed relatively higher variance and increased average pore size inferring that
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low interlayer-temperature and low heat input imparted more irregularities. On different note, average
pore size was not different than obtained for CMT samples (0.2 mm) with slight variation between low

and high interlayer-temperature samples.
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Figure 4.9 Effect of interlayer-temperature and heat input on normal distribution of pore size in CMT
samples (Set 2).
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Figure 4.10 Effect of interlayer-temperature and heat input on normal distribution of pore sizes in
pulsed MIG samples (Set 1).
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Figure 4.11 Effect of interlayer-dwell-time and metal deposition technique (CMT and pulsed MIG) on
normal distribution of pore size for high heat input condition.
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Figure 4.12 Effect of interlayer-dwell-time and metal deposition techniques (CMT and pulsed MIG)
on normal distribution of pore size for low heat input condition.

The overlapping curves of pulsed MIG samples in Figure 4.11 and Figure 4.12 it can be said that
interlayer-dwell-time control showed no observable influence for pulsed MIG processed samples for
both low and high heat inputs. For both high and low heat input samples, when CMT and pulsed MIG
samples were compared, pulsed MIG displayed increased variance than CMT samples. This implies
that CMT samples had narrower pore size distribution and smaller pores than pulsed MIG. In addition,

CMT showed smaller average pore size than pulsed MIG.
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4.3.5 Physical pore distribution and average pore location

Figure 4.13 to Figure 4.16 represent the comparison of the effect of interlayer-dwell-time, interlayer-
temperature, pore diameter and deposition process on distribution of small and medium sized pores as
a function of normalised pore distance from centroid of all pores in a given sample. From Figure 4.13,
it can said that the pulsed MIG samples had higher average normalised distance from centroid of all
pores than CMT samples. The fact indicated the close occurrence pores in CMT samples than pulsed
MIG. In addition, a bell curve of CMT small pores was broader than pulsed suggesting that higher
variance. This indicates that pores distribution in pulsed MIG sample was more uniform than CMT
sample. Wider distribution of medium sized pores was evident indicating lower predictability for
number of pores in the selected area for analysis. Regardless of pore size, CMT sample showed shorter

normalised distance from the centroid of all pores than pulsed MIG.

CMT samples were considered in Figure 4.14 for comparison of effect of interlayer-temperature on
normal distribution of normalised distances from centroid of all pores. Disregarding the pore size,
samples from high interlayer-temperature illustrated larger average normalised distance between the
centroid of all pores than low interlayer-temperature samples which indicates pores were widely
distributed in the high interlayer-temperature sample. Further, the 100°C interlayer-temperature
samples revealed increased variance suggesting pores were widely distributed than 50°C interlayer-
temperature samples. Small sized pores had lower variance and reduced average normalised distance

between centroids indicating small pores had uniform distribution.
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Figure 4.13 Effect of CMT and pulsed MIG technique on normal distribution of pore normalised
distance between centroids of all pores for small and medium sized pores.
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Figure 4.14 Effect of interlayer-temperature and metal deposition techniques (CMT and pulsed MIG)
on normal distribution of pore normalised distances from centroid of all pores for small and medium

pores.
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Figure 4.15 Effect of heat input on normal distribution of pore normalised distances from centroid of
all pores for small and medium pores.
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Figure 4.16 Comparison of normal distribution of pore normalised distances from centroid of all
pores for small and medium pore for high and low heat content condition.

Effect of heat input in normalised distances are shown in Figure 4.15. The low heat input samples
showed shorter difference in the average normalised distance compared to high heat input samples. For
medium pores, the difference in normalised was appreciable, however, it was negligible for small sized
pores. Larger pores showed less variance than the small pores. Also, medium pores revealed relatively

wider distribution than smaller pores.

High and low heat content conditions of metal deposition are compared for small and medium sized
pores in Figure 4.16. Similar results were obtained following shorter normal distance and more uniform
distribution for CMT samples than pulsed MIG processed samples for both pore types. Appreciable
difference in average normal distance was recorded for small and medium sized pores from pulsed MIG

samples.
4.3.6 Pore volume

The discussed pore distribution and pore size directly reflect into the overall pore volume. Small pores
found to be predominating in CMT samples as can be seen from Figure 4.17a and b where small pores
showed higher pore volume fraction (>50%) than medium and large sized pores. Only one CMT sample,
C-HH-t1, witnessed small pore volume fraction less than 50%. For medium sized pores, pore volume
fraction varied from 31.5% to 44.7% of overall pore volume in respective samples. Pore volume fraction
difference between small and medium pores was minimum for C-HH-t1 sample (2.55%) and maximum
for (C-HH-t2) sample. Large sized pores occupied only 2.72% to 9.76% of overall pore volume.

However, distinctly different results were obtained in case pulsed MIG samples (refer Figure 4.17a and
b). Although the small pores were higher in numbers than medium and large pores, medium sized pores
showed higher pore volume fraction than small and large pores; the exception being P-HH-T2 and P-
LH-T2. It can be argued here that, six samples out of eight displayed higher pore volume fraction for

medium sized pores than volume fraction for small and large sized pores. Medium and small sized pores
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did not show large difference in the pore volume fraction. The difference was minimum 0.91% for
sample P-LH-t1 and maximum for P-HH-t1 (9.71%). Large pores from pulsed MIG samples showed
increase pore volume fraction than CMT sample. The average pore volume fraction of all the large sized
pores from CMT was 6.1% while it was 10.8% for pulsed MIG.
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Figure 4.17 Comparison of pore volume fraction of small, medium and large sized pores in 16
samples manufactured with interlayer-temperature control (a) and interlayer-dwell-time control (b)
methods.

4.3.7 Dissolved hydrogen

For maximum clarity of results, two sets of samples, DH1 and DH2, were carefully chosen. A set had
total two samples, one from CMT and one from pulsed MIG. The set was selected such a way that CMT
and pulsed MIG samples had the largest difference in porosity content (refer Table 4.5). The dissolved
hydrogen test does not only detect the atomic dissolved hydrogen coming out solid solution of
aluminium but also hydrogen released from present pores. Thus, detected hydrogen is a sum of atomic
hydrogen from solid solution (becomes diatomic) and hydrogen molecules from pores. Dissolved

hydrogen term will be used in further discussion referring to the atomic hydrogen dissolved in solid
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solution of aluminium. From this it is clear that absorbed hydrogen forms pores or dissolves in solid

solution of aluminium.

Table 4.5 Results of dissolved hydrogen test for CMT and pulsed MIG samples.

Hydrogen content
Pore Detected (ppm) / pore
Set ID Process / Sample ID volume hydrogen volume fraction (%)
technique fraction content
(%) (ppm) (ppm/volume
fraction %)
CMT C-LH-T1 0.031 0.834 26.900
DHI1
Pulsed MIG P-LH-T1 0.152 0.993 6.530
CMT C-LH-t2 0.038 1.020 26.840
DH2
Pulsed MIG P-LH-t2 0.175 1.250 7.140

CMT and pulsed MIG methods influenced the total hydrogen content detected in solid aluminium as
can be evidenced from Table 4.5. Interestingly, it was noticed that both the sets of samples witnessed
comparable hydrogen, however, after considering the difference between pore count and pore volume,
it can be deduced that there could be difference in the amount of dissolved hydrogen. It is reflected in
Table 4.5 as total hydrogen available per pore volume. Lesser pore volume of CMT samples had around
hydrogen to pore volume ratio around 27 ppm/volume fraction while it was around 7 ppm/volume
fraction for pulsed MIG. It is clear at the point that the formation of pores has a great effect on hydrogen
dissolution in aluminium.

It is worthwhile mentioning here that the feed stock wire had around 7.5ppm/100gm of detected
hydrogen which was impressively higher than the detected hydrogen in deposits. The possible reasons
for the differences in hydrogen content of feed stock and build deposit have been focused and elaborated

in following section.

From Table 4.5, pore volume fraction when compared for pulsed MIG and CMT, it can be said that it
was much higher in pulsed MIG. For both the Sets DH1 and DH2, pulsed MIG showed pore volume
fraction approximately five times higher than CMT. Surprisingly, hydrogen content in both the sets was
found comparable. A ratio of detected hydrogen to total pore volume in respective sample was
calculated. Hence, total hydrogen available per pore volume fraction in CMT sample was around 7 ppm
/ pore volume fraction whereas the ratio was around 26 ppm / pore volume fraction for pulsed MIG
samples. It is clear that much higher hydrogen was available per pore volume fraction for CMT samples
than pulsed MIG. The fact indicates that hydrogen can be present in the solid solution as a dissolved

hydrogen which is discussed in next section.
4.3.8 Relation between interlayer-temperature and interlayer-dwell-time control

Methodology chapter discussed about the manufacturing of samples based on interlayer-temperature

and interlayer-dwell-time control methods which were independent of each other and considered

87



entirely separate in this study; however, interlayer-dwell-time indirectly controls interlayer-
temperature. It can be explained with the support of the research performed by Wu et al. and Xiong et
al. [110,140,141]. Researchers discussed the variation in temperature of a forming part with respect to
number of layers and substrate effects. Temperature of the part being manufactured found to be
increasing with the number of layers being deposit due to heat accumulation. Effect of heat extraction
by substrate is prominent for initial layers which diminishes as number of layers increases. Due to the
reduced rate of heat extraction, heat accumulates in the forming part raising its temperature after each
and every layer deposition. Hence, initial layers cool rapidly encountering drastic temperature reduction
when compared to higher number of layers. Thus, to maintain fixed interlayer-temperature that is 50°C
or 100°C for initial layers, new layers were deposited with fairly short time gap, hence, short interlayer-
dwell-time. Subsequently, this time was increased as number of layers increased due to heat

accumulation.

Time required by molten metal to reduce its temperature from freezing temperature to 50°C is more
than cooling down to 100°C. Applying similar concept in metal deposition, time taken by deposited
metal to cool to 50°C interlayer-temperature is more than time taken to reach 100°C interlayer-
temperature which indirectly suggests change in interlayer-dwell-time for maintaining two interlayer-
temperatures. Hence, for maintaining interlayer-temperature 50°C requires longer interlayer-dwell-time
and 100°C interlayer-temperature requires shorter dwell time. At this point, it can be argued that
samples prepared with 100°C interlayer-temperature were hotter all the time than samples manufactured

with 50°C interlayer-temperature that possessed increased time to release heat.

On the other hand, fixed time based samples were manufactured irrespective of temperature
consideration. Therefore, considering heat accumulation effect discussed previously [141], interlayer-
temperature was changing from low to high for initial layers and later number layers respectively. It
can be easily notice that shorter interlayer-dwell-time of 30 seconds enforced increased heat
accumulation compared to longer 120 seconds interlayer-dwell-time that supported more time for heat
dissipation. Hence, samples with 30 seconds interlayer-dwell-time were hotter and possessed increased
interlayer-temperature than samples prepared with 120 seconds of interlayer-dwell-time, however, the
temperature was not constant. It can be concluded from the above discussion that samples prepared with
100°C interlayer-temperature were comparable with samples manufactured using 30 seconds interlayer-
dwell-time and samples from 50°C interlayer-temperature were similar to samples from 120 seconds
interlayer-dwell-time, provided other variables being unchanged. Interlayer-temperature variation
during fixed time deposition method can be found in microstructure chapter.

4.3.9 Effect of metal deposition methods and penetration

CMT and pulsed MIG processes possess different characteristics of penetration that is depth of
remelting of portion of metal from earlier deposited layer while depositing a new layer. CMT technique
shows lower penetration than pulsed MIG, as discussed in detail in Literature review chapter. A
schematic of penetration effects of pulsed MIG and CMT are compared in Figure 4.18 a and b. Short
circuiting mode of metal transfer and lower heat input in CMT are governing factors that controls the
penetration. Electronically controlled oscillatory motion of wire as well as arc on and off effects mainly
supports in reducing the overall heat input and arc energy [3,78]. In pulsed MIG process, globular and
spray transfer metal deposition and relatively higher heat input increases the penetration. Relatively
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constant arc length increases overall arc energy that increases penetration. Current values were seen
touching zero hence, heat input in CMT, however, this is not apparent in pulsed MIG. The difference
in penetration at single layer deposition can be seen in Figure 4.18 ¢ and d.
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Figure 4.18 Difference in penetration obtained from pulsed MIG and CMT shown in schematic form
(a) and (b) and macro-graphs (c) and (d).

From Figure 4.18 it can be asserted that pores at the top region of a layer were entirely removed by
deposition of successive metal layer due to arc penetration effect. Pores from the particular portion of
the layer were eliminated due to formation of liquid metal. Pores that is hydrogen from the melted
region is expected to get carried into newly deposited and re-melted liquid aluminium as a dissolved
gas forming new pores and/or releasing to the atmosphere. The phenomena depends upon the local
hydrogen concentration and rate of absorption and evolution of hydrogen gas [14]. Following Figure
4.19, multiple pores can be clearly seen at the upper region of top layer in samples of the both processes.
While depositing the successive layer, pores from the area that falls under penetration area gets
removed. Pores in the region below penetration area that is lower portion of a layer and interlayer-
region remains intact (refer Figure 4.19). This is because the arc and heat cannot be reach the entire
depth of previous layer, hence, has a limited penetration. Pore banding at interlayer-region is prominent
in CMT and pulsed MIG samples that can be seen in lengthwise direction in Figure 4.19. Metal
depositing technique and its effect on hydrogen absorption for CMT and pulsed MIG is outlined in
Figure 4.20.
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Figure 4.19 XCT image revealing porosity distribution in longitudinal direction of metal deposition
by (a) CMT technique and (b) pulsed MIG process.
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Figure 4.20 Effect of pulsed MIG and CMT metal deposition techniques on hydrogen absorption.

Previous study by Devletian and Wood [136] clearly stated that the pore banding is common phenomena
in welding of aluminium particularly by pulsed MIG method which is alike banding of solutes elements
in welds. The particular porosity entrapped zone was found as a result of drastic solidification rates
encountered at solid-liquid interface while depositing liquid metal on solidified previous layer. In the

present study, instead of depositing the layers adjacent to each other as in welding, layers were deposited
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in different manner, however, the basic process of pulsed MIG deposition/operation and welding wire
were same. It can be proclaimed that the banding observed in additive manufactured samples resembles
with that being observed in welding process. Inconstant solidification rates influenced pore banding
more than any other factor. Another possibility of formation of increased pores at the interface could
be the pore formation in solid state that is secondary porosity. When the temperature of metal raises
above or upto the solidus temperature there are chances of formation of secondary porosity due to
movement of hydrogen atoms and molecules. Metal deposition in a layer format has seen increase of

developing part temperature upto the required temperature.
4.3.10 Absorbed hydrogen

According to Grigorenko [142] pore formation will take place when the hydrogen concentration at the
solid-liquid interface reaches threshold value that is maximum solubility of hydrogen in solid
aluminium. Liquid aluminium at the hotter central area of an arc from pulsed MIG absorbs hydrogen
up to maximum solubility limit and it is then distributed to surrounding liquid metal by convection.
Hydrogen globule formation and its shape, size and distribution in solidifying aluminium is determined
by total hydrogen pressure, nucleation and growth kinetics, solubility considerations and solidification
morphology [136].

As per earlier discussion and from Table 4.5 it can be argued that CMT samples possessed more
hydrogen availability for porosity formation than pulsed MIG samples. Pulsed MIG samples from sets
DH1 and DH2 had around 5 times higher porosity volume fraction than CMT samples. On the contrary,
CMT samples showed higher hydrogen availability per porosity volume fraction than pulsed MIG
sample by 4.1 and 3.7 times for DHI and DH2 set respectively irrespective of similar amount of
available hydrogen. The values refers to the fact that there is dissolved hydrogen in solid aluminium. If
it is considered that all the pores were formed due to hydrogen and there was no pore formed from
solidification shrinkage, it will not be absurd to consider that more hydrogen was remain dissolved in

solid aluminium.

After detailed calculations, (refer Appendix — I) Table 4.6 shows detected dissolved hydrogen values
against 100 g of solid aluminium samples. For wire with composition of 5183, Devletian and Woods
[136] reported hydrogen solid solubility of around 1.2 ml / 100 gm. The results shown in Table 4.6
remains in conformity with the same results. Results are in agreement with presumption that pulsed
MIG samples had higher dissolved hydrogen than CMT samples. As the same wire spool was used for
deposition, it can be said that same amount of hydrogen was available for pick up during both processes.
Hotter liquid metal in pulsed MIG absorbed more hydrogen than relatively colder CMT process from
wire and atmosphere. Relatively slower solidification rate and increased dissolved hydrogen in liquid
aluminium resulted in increased porosity in pulsed MIG samples. Thus, it can be concluded that pulsed
MIG processes support in pore formation and pore coalescence in aluminium [136] compared to CMT.
It could be correlated with the larger liquid metal pool availability [14] in pulsed MIG than CMT. This
eases atomic hydrogen movement for coalescence forming hydrogen molecule, thus hydrogen gas.
From the above discussion, it can be inferred that hydrogen pick up during metal deposition by pulsed
MIG method was higher than CMT metal deposition due to the reasons discussed earlier.
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Table 4.6 Total hydrogen content and its distribution in the tested samples of CMT and pulsed MIG.

Total hydrogen in Percentage of Percentage of
Set ID Samples samples of hydrogen forming hydrogen in solid
ID
100 g (ml) pores solution
C-LH-T1 0.934 1.220 98.780
DHI
P-LH-T1 1.112 5.060 94.940
C-LH-t2 1.142 1.250 98.750
DH2
P-LH-t2 1.400 4.480 95.520

Feed stock wire revealed much higher amount of dissolved hydrogen than samples manufactured using
both pulsed MIG and CMT. The difference in the detected hydrogen contents could be the result of; a)
wrong dissolved hydrogen value obtained in the wire. This could be the result of hydrocarbons remain
on the wire due to its surface roughness and irregularities [143,144] carried from wire manufacturing.
b) Shielding gas used in the experiments, argon, was 99.998% pure. The impurities could be gaseous
oxygen and nitrogen in miniscule amounts (~ 10 to 20 ppm) that can react with hydrogen. ¢) Following
the Ellingham diagram [145], a reaction between hydrogen and surface aluminium oxide is possible
forming a metal aluminium and water vapour. As a result hydrogen content in the wire could be higher
than the build deposits.

Table 4.6 showed the difference in hydrogen content of solid aluminium deposits. From both set, DH1
and DH2, it is clear that around 95% of hydrogen was present dissolved in solid aluminium while for
CMT samples it was 98.75%. The rest of hydrogen was consumed by the pores. As mentioned earlier,
no pores were present with vacuum that is formed by solidification shrinkage was not considered, hence,
all the available hydrogen was either considered at pores or at lattice imperfections that is atomic
hydrogen in dissolved state. From overall discussion, it can be said that pulsed MIG samples absorbed
more hydrogen which was consumed to form more pores compared to CMT samples. Therefore, even
after absorbing more hydrogen, hydrogen was spent at forming more pores leaving lower fraction
hydrogen dissolved in solid aluminium. On the other hand, although the CMT samples absorbed lesser
hydrogen it formed less porosity than pulsed MIG leaving behind more amount of dissolved hydrogen

in solid aluminium.
4.3.11 Arc length effect

Pulsed MIG and CMT processes possess considerable differences in metal deposition. In CMT process,
arc length continuously changes from maximum to zero due to oscillating feed wire. Metal transfer
from wire to deposit occurs by touching of liquid metal droplet to the deposit, thus, dip metal transfer.
In case of pulsed MIG, it maintains relatively constant arc length and metal transfer from wire to deposit
side is by globules or/and droplet in spray from depending upon electric current. Thus, in pulsed MIG
liquid droplets is exposed to the surrounding atmosphere and contaminants for relatively longer time

span than CMT. The longer time allows liquid metal to absorb more hydrogen from shielding gas and
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contaminants, if any [14]. Smaller droplet formed during pulsed MIG transfer must have higher surface
area than droplet formed during CMT metal transfer. Higher surface area and longer exposure time to
the surrounding atmosphere and contaminants shown by pulsed MIG might have absorbed more

hydrogen compared to CMT.
4.3.12 Solidification and cooling rate effects

Hydrogen in solid aluminium is found either at the porosity or in solid solution at lattice imperfections
ranging from dislocations, impurities, grain boundaries etc [146]. Solubility of hydrogen in aluminium
reduces as a function of temperature as discussed in literature review chapter. Therefore, at lower
temperature sites such as solid liquid interface aluminium rejects out the excess hydrogen. Hence, pore
in general are formed at the solidification front where the hydrogen concentration crosses solubility
limit at that temperature. Further, the dissolved hydrogen gas rejection is time dependent process.
Slower solidification rate supports pore formation while rapid solidification suppresses pore formation
and gas remains dissolved in solid aluminium. As discussed earlier, CMT process allows faster
solidification due to typical metal deposition [93] than pulsed MIG. Therefore, it can be argued that
CMT processed samples possessed more chances of hydrogen retention in solid aluminium than pulsed
MIG manufactured samples. In pulsed MIG samples, slower solidification not only supported in
formation of increased pores but also provided longer time that increased exposure time of liquid
aluminium to the atmosphere increasing chances of hydrogen pick up [14]. Presence of higher hydrogen

in pulsed MIG samples can be correlated with the above explanation.

Pore formation and distribution in highly dependent upon solidification mechanism in MIG welding
[136]. The distance between growing dendrites is the preferential site for pore formation, although its
shape and size further determines detachment and floatation of the growing pore in to liquid aluminium.
Faster cooling rates of liquid aluminium does not provide sufficient time to grow a pore and thus it
cannot catch the speed of closely packed forming crystalline structure. Thus, pore cannot grow to
required size, cannot detach and remain entrapped between forming lattice cells [147]. With slower
cooling rates dendrites are widely spaced providing space as well time to grow which is sufficient for
pore formation, growth and detachment. This could be probable reason for the formation of large sized
pores in pulsed MIG process.

4.3.13 Secondary heat effects

In arc based additive manufacturing, temperature of a forming part is raised to appreciably high level.
The temperature rise at the specific location of the deposit is based on arc energy, thermal conductivity
and its distance from the top layer that is heat source. Xiong et al. in their different studies [141] and
[110] have discussed the temperature distribution in forming WAAM part. Temperature rise at a layer
on which a new layer is deposited is raised up to and above the melting point (it can be confirmed by
observing penetration effect showing liquid formation in the specific area). Thus it can be argued that

temperature of a layer immediately below can be raised above recrystallisation temperature.

Concentration of vacancies at such a high temperature become significant that influences hydrogen
diffusion. The probable reason could be the high bonding energy between vacancy and hydrogen atom
[146,148]. Hashimoto and Kino [146] proclaimed that total concentration of vacancies and

concentration of hydrogen drives hydrogen diffusion in aluminium. Due to higher arc energy,
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temperature, penetration and forced vacancy diffusion, thus, hydrogen diffusion in pulsed MIG could
be higher than CMT. Rapid solidification, relatively lower temperature, penetration and arc energy of
CMT could have experienced less diffusion of hydrogen than pulsed MIG. Thus, higher diffusion of
vacancies associated with hydrogen may have supported in forming hydrogen clusters [15] which grew
and formed large sized pores with higher numbers in pulsed MIG samples. This supports results
obtained from XCT scan showing more large sized pores and higher volume fraction of pores in pulsed
MIG samples that CMT samples (Table 4.3 and Figure 4.7).

While comparing overall porosity content, it was observed that pulsed MIG samples manufactured with
low interlayer-temperature and low heat input showed higher pore content than high interlayer-
temperature high heat input condition. The results are in agreement with outcomes put forth by Derekar
et al. [149]; however, for CMT samples processed high-interlayer temperature and high heat input had
more pore volume fraction than samples with low-interlayer temperature and low heat input. The
contrasting results highlights the close relationship between total heat content and pore formation and
pore coalescence taking place in deposit. A graphical representation of the observed phenomenon is
shown in Figure 4.21. From the results it can be inferred that the high heat content case of pulsed MIG
samples possessed sufficient heat for pore formation, coalescence and importantly pore escape. On the
other side, CMT samples of low heat content could not provide sufficient heat for hydrogen coalescence
therefore forming increase small number of pore and less pore escape. Remaining case of the pulsed
MIG and CMT that is low heat content pulsed MIG and high heat content CMT showed increase pores.
It can be argued that for these cases, heat was sufficient for hydrogen to diffuse, coalescence and grow
a pore, however, not high enough to escape pore reducing pore content and total hydrogen in the sample.
It is worthwhile mentioning that pulsed MIG is hotter metal deposition technique than CMT irrespective

of similar heat input.

Heat content and Pore fraction

Pulsed MIG Pulsed MIG CMT CMT
High heat Low heat High heat Low heat
input/interlayer input/interlayer input/interlayer input/interlayer
temperature & short  temperature & long  temperature & short  temperature & long
dwell time dwell time dwell time dwell time
mm Heat content —Pore fraction

Figure 4.21 Graphical representation of relation between total heat content and pore fraction.
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4.3.14 Statistical analysis

Verifying the similarity and differences between all the samples manufactured considering different
metal deposition techniques, interlayer-temperatures, interlayer-dwell-times and heat inputs is
worthwhile, therefore, the ANOVA, analysis-of-variance, was performed with respect to pore
diameters. The analysis was based on the output obtained, p-value, from the analysis. A typical null
hypothesis concept was applied that initially assumes no difference between the samples with respect
to pore diameters. If the p-value from the analysis is below 0.05 that is less than 5%, it suggests that
there is only that much percentage of chance of being considered samples same, hence, for any value
below 0.05 the considered comparing samples are different that proves initial consideration of samples
being same is false. Here, typical 95% confidence band considered for the analysis. Sample from
different conditions are analysed as represented and compared in tabular format from Table 4.7 to Table
4.9.

Table 4.7 Comparison of p-values of pulsed MIG and CMT sample combinations considering
interlayer-temperature, interlayer-dwell-time and heat input.

CMT Pulsed MIG
Comparison
Sample IDs p-values Sample IDs p-values
C-HH-T1 P-HH-T1
0.3591 0.552
C-HH-T2 P-HH-T2
Interlayer-
temperature C-LH-T1 P-LH-TI
0.1387 0.7614
C-LH-T2 P-LH-T2
C-HH-t1 P-HH-t1
0.359 0.625
C-HH-t2 P-HH-t2
Interlayer-
dwell-time | 0y g P-LH-t]
0.2247 0.6318
C-LH-t2 P-LH-t2
C-HH-T1 P-HH-T1
1.1x10% 0.2662
C-LH-T1 P-LH-T1
C-HH-T2 P-HH-T2
4.49 x 104 0.3865
C-LH-T2 P-LH-T2
Heat input
C-HH-t1 P-HH-t1
1.37x 107 0.6669
C-LH-t1 P-LH-t1
C-HH-t2 P-HH-t2
2.93x 10% 0.4657
C-LH-t2 P-LH-t2
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Table 4.8 Comparison of p-values of pulsed MIG and CMT sample combinations based on interlayer-
temperature and interlay-dwell-time.

Condition Sample ID p-values
C-HH-T1
0.3216
P-HH-T1
Interlayer-
temperature C-HH-T2
0.246
P-HH-T2
High heat input
C-HH-t1
0.3871
P-HH-t1
Interlayer-
dwell-time C-HH-02
0.1172
P-HH-t2
C-LH-T1
1.23x 107
P-LH-T1
Interlayer-
temperature C-LH-T2
3.69x 103
P-LH-T2
Low heat input
C-LH-t1
4.57 x 10!
P-LH-t1
Interlayer-
dwell-time C-LH-
5.11x10%
P-LH-t2

Pulsed MIG processed samples showed no statistical difference for the conditions compared in Table
4.7 indicating no major difference in pore diameters; however, the case was different for CMT samples.
Heat input found to have major impact on pore diameters in CMT samples, although the interlay-
temperature and interlayer-dwell-time revealed no large differences. Low heat input interlayer-
temperature case of CMT samples showed higher chances of being null hypothesis wrong which was
around 86%. For high heat input the chances reduced down to around 64%. The similar effect was
observed in case of interlayer-dwell-time based samples of CMT that supports the discussion from the

section Relation between interlayer-temperature and interlayer-dwell-time control methods.

Heat input found to have major impact on pore diameters irrespective of other metal deposition
conditions. Following Table 4.8, low heat input conditioned samples showed p-values much lower than
0.05 suggesting that hypothesis was false and samples were not identical. In case of high heat input
pores found to reveal not much differences between pulsed and CMT samples. This suggests that high
heat input has less influence on pore diameters than low heat input for both pulsed MIG and CMT
processes. On a similar note, though it was apparent that high heat input samples were similar with

respect to pore diameters, the p-values suggested that confidence of hypothesis was weak.
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Table 4.9 p-values obtained for pulsed and CMT sample combinations for different deposition

parameters.
Condition Sample IDs p-values
P-HH-T2
Extreme condition of heat content 1.44 x 1030
C-LH-T1
- P-LH-T1
Comparable condition of heat content 0.0336
C-HH-T2
C-HH-T1
0.1029
C-HH-t2
C-HH-T2
0.092
C-HH-tl1
CMT
C-LH-T1
1.5x 102
C-LH-t2
C-LH-T2
6.27x 10%
Comparable condition of C-LH-t1
temperature and time based
samples P-HH-T1
0.2719
P-HH-t2
P-HH-T2
0.6474
P-HH-t1
Pulsed MIG
P-LH-T1
0.709
P-LH-t2
P-LH-T2
0.2708
P-LH-t1

Analysis was performed for different combinations such as high heat content and low heat content as
illustrated in Table 4.9. When compared both samples, the p-value was far below 0.05 indicating that
heat content affects pore to a large extent. In another combination, samples from comparable heat
contents (P-LH-T1 and C-HH-T2) were compared which showed pores were appreciably different. In
accordance with the discussion comparing samples from interlayer-temperature and interlayer-dwell-
time, samples prepared with 30 seconds and 120 seconds interlayer-dwell-time were compared with
samples manufactured by 100°C and 50°C interlayer-temperature respectively. Significant difference
was observed between samples from CMT and low heat input conditions where hypothesis was
statistically false. High heat input samples statistically were similar, however, confidence of hypothesis
being wrong was around 90%. In case of pulsed MIG samples no such difference was noticed.
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Alternatively, a pattern can be observed from results. High heat content samples such as high heat input
and high interlayer-temperature and short interlayer-dwell-time showed similar p-values when
compared with low heat content samples such as low heat input, low interlayer-temperature and longer
interlayer-dwell-time. On the contrary, other conditions of pulsed MIG showed comparative p-values
around 0.27. The results are in accordance with the discussion made in different sections of discussion
earlier.
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Chapter 5: Microstructural
Characterisation

5.1 Introduction

No restrictions on size during part manufacturing, appreciable flexibility of operation, high deposition
rate and material efficiency are some of the advantages of WAAM technique [3]. Suiting to high
deposition rate, part with complexity varying from low to medium and size from medium to large can
be efficiently manufactured with WAAM [67].

Widespread application of the aluminium alloy components in the automobile, aecrospace and other
sectors has triggered the interest in manufacturing and use of WAAM parts [3]; however, there are
imperfections such as solidification cracking [16], porosity [90] and reduced strength than the wrought
products [ 150] which can be considered as critical factors limiting the applications of WAAM processes
aluminium alloys. In finished WA AM, implementation of Fronius developed cold metal transfer (CMT)
which is an example of controlled dip metal transfer method and post processing such as interlayer
rolling are reported to reach to reduction and in few cases absolute eradication of porosity [90]. At the
instance, it is important to understand the effect of WA AM processing parameters to minimize the need
of after processing, development of preferred microstructure and to reduce the formation of defects in
WAAM material.

WAAM has been progressed from the traditional arc welding technique. Interpass temperature control
has always been considered as one of the important factors in welding. It has been discussed [114] that
high interpass temperatures during welding produce unwanted effects on hardness of 7xxx series
aluminium alloy plates. In alloy steels, to avoid hydrogen cracking the author also mentioned that
interpass temperature can be one of the decisive parameters. Many researchers have discussed the
microstructure of the formed object through layer deposition in detail. The effect of alternating polarity
CMT on mechanical properties of aluminium alloys and their microstructure was studied by Zhang et
al. [80]. In an alternative approach, work piece vibration and its effects on the mechanical and
microstructural properties was studied by Zhang et al. [151]; however, the specific temperature
maintained for a layer immediately ahead of deposition of following layer, here reported as the
interlayer-temperature, and its effect on material properties was not reported in the open literature. The
expression interlayer-temperature mentioned here is conceptually identical to the interpass temperature
used for welding operation. The interlayer-temperature is nothing but temperature of the top most layer
of an additively manufacturing part immediately ahead of the deposition of consecutive layer. As
discussed by Ortega et al. [152] and Gu et al. [90], while depositing a WAAM part through robotic
programing, the focus is conventionally provided to the interlayer-dwell-time than the temperature of
earlier deposited layer immediately before the deposition of consecutive layer. The temperature of a
forming object gradually increases due to deposition of a feed stock wire with the defined time interval

in an additive manufacture format [140]. This causes raise in an interlayer-temperature along with the
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progress of layer deposition. Heat sink effects and heat removal techniques were explored by Wu at al.
[153] and Xiong et al. [110] in order to reduce adverse heat buildup effects. In different approach, Geng
et al. [137] reported that by raising the interlayer-temperature up to 120°C from 50°C, consistent,
improved and smooth layer appearance can be obtained. It was suggested that the layer geometry was
impermissible when interlayer-temperature rose above 150°C. The results match the guidelines
provided by the arc welding standard, BS EN 1011-4:2000, which restricts the maximum interpass
temperature at 120°C for similar feed wire chemistry.

Microstructural features, particularly grain orientation and crystallographic texture denote a large
impact on strength of WAAM manufacture aluminium object. Development of grain orientation mostly
depends upon the direction of metal deposition. Anisotropy in tensile strengths were reported by Geng
et al. [84] for the samples tested in perpendicular and parallel direction of the grain orientation.
Moreover, it is expected that microstructure development in WAAM material gets affected by
processing parameters including interlayer-temperature and heat input.

The effects of interlayer-temperature on microstructure are relatively unattended area in WAAM of
aluminium. In the similar line, the present study explores the effect of interlayer-temperature on the
dimensional and microstructural variations in aluminium 5183 alloy chemistry. Thus, the results of
experiments detailed in section 3.3 are studied and discussed in this chapter. Two parts of this chapter
divides study focussing initially on the layer geometry and microstructure of staggered layered WAAM
component. Latter part includes study of sixteen samples with added variables such as metal deposition
technique (pulsed MIG and CMT) and interlayer dwell time. This further considers results from infra

red camera and temperature variation across the walls.

5.2 Part -1 Understanding the effect of interlayer-temperature and heat input

The aim of this part was to understand the effect of interlayer temperature and heat input on layer
geometry. The results of experiments from section 3.3.2 are discussed in detail in this section. This
includes study of staggered layered component manufactured using two interlayer temperatures and
heat inputs (refer Figure 3.18) manufactured using pulsed MIG technique. Macro and microstructural
study are performed at different layers that revealed effect of mentioned deposition variables on layer
shape.

5.2.1 Investigation of layer geometry

Height and width difference between high and low interlayer temperature samples was 0.37 mm and
0.89 mm for high heat input samples (refer Figure 5.1a and b) while for low heat input samples the
difference was 0.26 mm and 0.25 mm respectively (refer Figure 5.2a and b). In both high and low heat
input cases, samples processed with higher interlayer temperature showed lesser height than samples
from lower interlayer temperature, however, reverse was true while considering the layer width. Figure

5.3 describes the measurement method employed for height and width measurement.

Figure 5.4 and Figure 5.5 illustrate the effect of interlayer-temperature on layer geometrical features
with consideration of high and low heat input samples. It was shown in Figure 5.4 that for a particular
layer, there was minor difference in width and height between two different interlayer-temperature

values. For samples SH100 and SH50, percentage difference between height and width was around 7
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and 9%. The graphs clarified that samples deposited using 100°C interlayer-temperature were wider
and shorter when compared with 50°C interlayer-temperature samples. A linear increasing trend of
height-to-width ratio (H/W) was seen for all the samples prepared using high heat input despite
revealing a small difference in geometrical features. For all samples, it was observed that H/W ratio
was higher for 50°C interlayer-temperature samples than 100°C interlayer-temperature samples while
comparing for respective layers numbers. It can be concluded that 50°C interlayer-temperature samples
evidenced reduced width that was compensated by increased height compared to 100°C interlayer-
temperature samples. Thus, samples prepared using 50°C interlayer-temperature were taller and thinner
than 100°C interlayer-temperature.
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Figure 5.1 Macrostructure graphs revealing geometrical features of Samples 2H50 (a) and 2HI100
(b).
| I

5.036mm

PR 1 (
= —{ 3.181mm

0.537 : R
Licil I 0.56mm I :

(a) 2150 lom | by 201100 | imm

Figure 5.2 Macrostructure graphs revealing geometrical features of Samples 2L50 (a) and 2L100 (b).
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Figure 5.3 Schematic of WAAM wall describing dimensional measurements for single layer (a) and
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102



Effect of interlayer temperature on layer geometry - low heat input
10 ; 2 _
2 g
= 8 * 1.6 =
2 i =)
6 é ? % 12 e
1 L 4 el
! i § ! s =
24 H + * 083
= & * =
£, 1 2
2, § 04 2
a 3
0 0o -
0 1 2 3 -+ 5
Layer number
a Height Interlayer temp 100°C 0 Width Interlayer temp 50°C 4 Width Interlayer temp 100°C
O Height Interlayer temp 50°C ¢ H to W ratio 50°C ¢ H to W ratio 100°C

Figure 5.5 Graphical representation of variation in build geometry as an effect of interlayer-
temperature for low heat input samples.

Minute difference in sample geometry (width and height) between two interlayer-temperatures were
seen in case of low heat input samples (refer Figure 5.5); however, as discussed earlier, the overall
tendency of height and width variation with respect to interlayer-temperature was similar to high heat
input samples. Two unexpected variation were reported where samples 5L100 was found taller than
SH100 by marginal 0.167 mm while samples 4150 was wider than sample SL100 with minor difference
of 0.09 mm. Height and width of a deposit was found to be affected by heat input (refer Figure 5.6).
Increased width and height was evidenced for high heat input samples compared to low heat input
irrespective of layer number. Wire feed speed was roughly doubled while increasing low heat input to
high heat input, however, layer width and height did not reveal change in the same proportion.

While comparing four sets of samples based on layer geometry and H/W ratio as shown in Figure 5.6,
a particular trend can be observed for each set of samples. Figure 5.6a, high heat content sample that is
100°C interlayer-temperature and high heat input combination had widest layers and low heat content
samples that is 50°C interlayer-temperature and low heat input had least wide layers. Also, for all cases
considered, high heat input samples denoted comparatively wider and taller layer compared to low heat
input samples. There was minute difference in layer heights while comparing low nd hig heat input
samples, however, difference in the widths was considerably high. Interlayer-temperature revealed
higher impact in high heat input samples than low heat input. This could be ascribed to the increased
amount of liquid metal addition in high heat input mode than low heat input. Wider spread and larger
expansion of aluminium was evidenced in case of high interlayer-temperature. Figure 5.6b clearly
reflected the results from Figure 5.6a that confirmed the widest layer showed lowest H/W ratio.
Whereas, least heat content sample, low interlayer temperature and heat input, showed highest H/W
ratio affirming deposition of the least wide layer. Interlayer-temperature and heat input significantly
affected the penetration as shown in Figure 5.7 that further affected build geometry. Formation of
microstructure in the build walls with different conditions is discussed in upcoming sections.
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Figure 5.6 Graphical representation of an effect of heat input and interlayer-temperature on layer
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Figure 5.7 Graphical representation of an effect of interlayer temperature and heat input on the
penetration at substrate.
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5.2.2 Microstructure
5.2.2.1 Microstructure evolution within single layer

Polarised microscope images of single layer showed columnar grains in penetration area that can be
seen in Figure 5.8 and Figure 5.9. The columnar grains showed linear relation with the depth of
penetration. Longer columnar grains were witnessed in penetration area of the high heat input samples
compared to shorter in low heat input samples (refer Figure 5.8 and Figure 5.9). Columnar grain
formation, irrespective of interlayer-temperature, could be the result of faster heat dissipation into the
substrate that triggered rapid temperature reduction in the penetration area. Effect of heat dissipation

and columnar grain formation has been reported earlier [114].

Figure 5.8 Micrographs showing columnar grains at penetration area of Samples 1H50 (a) and
1HI100 (b).
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Figure 5.9 Micrographs showing columnar grains at penetration area of Samples 1L50 (a) and
1L100 (b).

Equiaxed grain structure was present in the deposit region above the substrate immediately after
columnar grains (refer Figure 5.10). Figure 5.11 and Figure 5.12 represent high and low heat input
samples microstructures respectively. Interlayer-temperature found affecting the grain size when Figure
5.11a was compared with Figure 5.11b and Figure 5.12a with Figure 5.12b. A grain size difference of
51.5% (10.3 um) and 15.7% (2.3 pm) was noticed between high and low interlayer temperature samples
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when grain size was measured using following the standard line intercept method defined under ASTM
112-13. Samples from low heat input showed lower grain size compared to high heat input samples.
Thus, average grain size in Figure 5.11a was 20 pm and Figure 5.12a had 15.15 pm while grains in
Figure 5.11b showed average grain size of 30.3 pm and Figure 5.12b illustrated 17.54 pm. It was clear
from the figures that high heat input grains from Figure 5.11a and Figure 5.11b were larger than low
heat input grains from Figure 5.12a and Figure 5.12b by around 32% and 72% respectively. The
probable reason for the presence of roughly equiaxed grains at the vicinity of columnar grains could be
comparatively slower solidification and heat extraction. Metal penetrated into the substrate experienced
higher cooling rate, however, a deposit metal above substrate region did not experience similar cooling

rates.

d grain
: region

Figure 5.10 Macrograph of a single layer deposit taken by optical microscopy revealing an
approximate location of equiaxed grains that are shown in Figure 5.11 and 5.12.

Figure 5.11 Micrographs illustrating equiaxed grains in high heat input single layer sample 1H50 (a)
and 1HI100 (b) at a location shown in Figure 5.10.
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Figure 5.12 Micrographs illustrating equiaxed grains in low heat input single layer sample 1150 (a)
and 1L100 (b) at a location shown in Figure 5.10.

5.2.2.2 Microstructure evolution at five-layered samples

Columnar grains, similar to those observed in penetration area, were found prominently in a multilayer
deposition with five layers. Irrespective of heat input and interlayer-temperature, vertical columnar
grains shown in Figure 5.13 and Figure 5.14, were evidenced at layer number 3. It can be seen in these
figures that columnar grains grew from bottom to top of the layer, however, in every case it should be
noticed that growth of these grains was disrupted at the interlayer region (refer Figure 5.13 and Figure
5.14). At interlayer region between three and four, fine grains along with porosity were observed that
presumably disturbed columnar grain growth shown between yellow lines in Figure 5.13 and Figure
5.14. The size of these fine grains was appreciably smaller than the undisturbed grains found at the top

layer.

SH100
0
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G

Figure 5.13 Micrographs of high heat input samples SH50 (a) and SH100 (b) revealing columnar
grains at layer number 3 with presence of porosity and fine grains at the interlayer region.
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SL.100

Figure 5.14 Micrographs of high heat input samples 5L50 (a) and 5L100 (b) revealing columnar
grains at layer number 3 with presence of porosity and fine grains at the interlayer region.

Columnar grains showed the presence of heat gradient that is flow of heat from top layer to substrate.
Interlayer-temperature showed pronounced effect on grains morphology which can be witnessed by
comparing Figure 5.13a with Figure 5.13b and Figure 5.14a with Figure 5.14b. Average length of

columnar grains in high interlayer-temperature sample was greater than low interlayer-temperature.

Top layer shown in Figure 5.15 and Figure 5.16 exhibited entirely different microstructure compared
to rest of the layers. All top layers of four samples had equiaxed randomly oriented grains with dendritic
structure. Being a top layer it was clear that this particular layer did not undergo any reheating due to
absence of layer deposition above. Therefore, this microstructure was inhomogeneous with the rest of
the layers. Similar effect of interlayer-temperature on microstructure was reflected. Low interlayer-
temperature samples, SL50 and SH50, showed 35.7 um and 55.55 pm average grain size that was lower
than high interlayer-temperature samples, SL100 and SH100 that showed around 37.03 pm and 71.42
um. The difference turned out to be around 3.7% and 28.5% for low and high interlayer temperature
respectively. Comparing the grain size variation due to heat input, it was confirmed that high heat input
samples greater grain size than low heat input. Thus, samples 5L50 and SH50 showed a grain size
difference of 55.4% while it was 92.8% for SL100 and SH100 samples. Alloy composition 5183 shows
melting point (liquidus temperature) of around 638°C. Therefore, temperature difference between
interlayer-temperature and melting temperature remained 588 and 538°C for 50 and 100°C interlayer-
temperature. This temperature difference triggered different cooling rates that ultimately produced
different sized grains. For 50°C interlayer-temperature metal becomes more viscous which restricts its
spread therefore reduces its width, however, comparing with 100°C interlayer-temperature that
possesses less viscous aluminium supports in wide spreading increasing width and reducing layer
height.
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Figure 5.15 Micrographs of high heat input samples SH50 (a) and Sample SHI100 showing a top
layer.

Figure 5.16 Micrographs of low heat input samples 5L50 (a) and Sample 5L100 showing a top layer.

Apart from specific locations such as bottom layer and top layer, it is advisable to study microstructural
variations throughout the cross section. Figure 5.17 revealed the microstructure of 5 layered WAAM
part at a surface transverse to the direction of torch travel. Microstructural variations with respect to
interlayer-temperature and heat input can be compared. Figure 5.17b to Figure 5.17e showed elongated
grains in the build direction, however, depending upon heat input and interlayer-temperature variations
can be highlighted. Grains from Figure 5.17b revealed lengths from 300 to 400 um in elongation
direction while it was 500 to over 600 pm in Figure 5.17c. Similarly, Figure 5.17d showed
comparatively lower grain elongation with 200 to 400 um while it was around 300 to 400 um in Figure
5.17e. Firstly, considering the effect of interlayer-temperature it can be argued by comparing Figure
5.17b with Figure 5.17c and also Figure 5.17d with Figure 5.17¢ that higher interlayer-temperature,
thus, higher heat content supported in growing the grains longer in build direction. Likewise, similar
effect can be asserted for heat input cases applied for WAAM build up. Figure 5.17b compared with
Figure 5.17d and Figure 5.17c with Figure 5.17e showed higher heat input contributed in formation of
longer grains. Also, it is worthwhile mentioning that higher heat content also supported in providing

increased penetration that ultimately growing the length of formed columnar grains. Further, higher
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penetration supported in reducing overall wall height in multilayer deposition which increased wall
width.

(a) (b)
)

Schematic cross
section 5 layered
WAAM part

Figure 5.17 Microstructural variations in 5-layered WAAM part throughout the thickness. Schematic

of S-layered WAAM part (a). Microstructural variations in high heat input low interlayer-temperature

condition (b), high heat input high interlayer-temperature condition (c), low heat input low interlayer-
temperature condition (d) and low heat input high interlayer-temperature condition (e).

5.2.3 Summary of microstructure evaluation for five layer structure

Dimensional variation of around 0.5 mm was reported as an effect of change of interlayer-temperature.
Although, some of the studies might consider this marginal variation as an experimental error, however,
a peculiar consistent pattern in dimensional change can be withdrawn and is displayed in this study.
From the pattern identified in this study, it can be deduced that wider samples can be produced by
applying high interlayer-temperature while for manufacturing of taller samples low interlayer-

temperature can be applied.

Microstructures of columnar grains at central layer region and finer grains at the interlayer region with
presence of porosity was found consistent throughout the wall structure in all samples irrespective
interlayer-temperature, heat input or particular position in WAAM wall. Only the exception was top
layer that showed equiaxed dendritic grains, however, it was consistent for each wall structure. There
was variation in the size of dendritic structure with respect to interlayer-temperature and heat input. A
further investigation related to the dendritic structure was not carried out because consideringa WAAM
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structure and product manufacturing, top layer is given a secondary importance. Most of the times, top

layer of the forming object by WAAM is cut-off and does not remain a part of final object.

After deposition of subsequent layer, equiaxed grain structure at top layer reformed into columnar
grains. Arc force, heat, liquid metal and penetration could be the reasons for destruction of equiaxed
grains. Solidification rate and thermal gradient define the grain structure and grain morphology. These
parameters vary at each layer from top to bottom. Bottom part that experiences greater temperature
gradient forms columnar grains while top part solidifies as equiaxed grains. With further layer
deposition, equiaxed grains remelted and forms and continues as columnar grains. The small grains at

the interlayer region are formed with a difference mechanism.

5.3 Part — II Comparative investigation of pulsed-MIG and cold metal transfer
(CMT)

The aim of this part was to understand the effect metal deposition variables on microstructure. The
results of experiments from section 3.3.3 are discussed in detail in this section. This includes study of
sixteen samples manufactured using two interlayer temperatures (50 and 100°C), two heat inputs (~120
and 280 J/mm), two MIG variants (pulsed MIG) and two interlayer dwell times (30 seconds and 2
minutes). Microstructural study using optical microscope and electron backscattered diffraction
(EBSD) study using SEM was performed. Results obtained from infra-red camera for temperature
variation across the wall structures were compared for different deposition conditions. The details were
also used for calculations of cooling and solidification rates. Pulsed MIG processes samples were tensile
and hardness tested as described in section 3.3.3.2. A comparative tensile test results are also discussed
in this chapter (refer section 3.3.3.3).

5.3.1 Microstructure differences between pulsed MIG and cold metal transfer (CMT)

A wide difference in microstructure of pulsed MIG and CMT samples were observed while comparing
at similar locations in deposited wall processed with similar deposition conditions. Microstructure with
elongated grains in the heat flow direction can be seen in Figure 5.18. There was no difference between
pulsed MIG and CMT samples as both revealed elongated grains, however, length of grains was seen
much longer in pulsed MIG samples compared to other. A layer transition zone as shown in Figure
5.18a and b witnessed breakage of columnar grains at the interlayer region. Grains were more elongated
in pulsed MIG samples and were much less compared the CMT samples. Pore can be seen at interlayer
region. Microstructure shown in Figure 5.18c and d compares grains present at layer number six of
manufactured wall. It can be argued that massive grains in pulsed MIG samples grew from lower end
of a layer upto the top, however, the case was different in CMT samples. Although grains were found
to be elongated in CMT, due to overall small dimensions, higher number of grains were present. Also,
comparing overall grain size between pulsed MIG samples (Figure 5.18a and c¢) and CMT samples
(Figure 5.18b and d), larger grains were observed at increase layer number (layer number 6) than lower

layer number (layer number two).

Similarly, microstructures were obtained for high interlayer-temperature samples shown in Figure 5.19
at similar locations to that of shown in Figure 5.18. There was no appreciable difference between the
morphology of the grains apart from the slightly larger grains were observed in Figure 5.19 than Figure

5.18. It was confirmed after the grains size measurements. Maximum average grain size measured for
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CMT samples was 65 um for microstructure shown in Figure 5.19d which was marginally greater than
Figure 5.18d. Grains formed at interlayer region shown in Figure 5.18b and Figure 5.19b had average
grain size 40 um and 44 um. Thus, grains at the interlayer regions and formed from the lower interlayer-
temperature were comparatively smaller than grains at central region and formed by higher interlayer-
temperature. Pulsed MIG samples also followed the similar trend. Largest grains were found in samples
with high interlayer-temperature (109 pm) central of the layer whereas smallest were in low interlayer-
temperature and from interlayer region (58 um). Average grain size recorded for Figure 5.18c and

Figure 5.19a were 85 um and 81 um.

Figure 5.18 Microstructure in transverse direction of torch travel showing HH-T1 samples at layer
transition from 2 to 3 shown for pulsed MIG (a) and CMT (b). Microstructure of layer 6 from pulsed
MIG (c) and CMT (d).

Further, for low heat input conditions, it was observed that grains were relatively smaller than high heat
input samples as can be seen in Figure 5.20 and Figure 5.21. Pulsed MIG samples showed larger grains
compared to CMT and also, interlayer-temperature affected the grain size. Similar pattern as discussed
earlier for high heat input samples was found reflecting in low hat input samples. For comparison, grains
from layer 7 had average size around 86 um for pulsed MIG samples which was around 52 pm for CMT
for low heat input low interlayer-temperature condition. Similarly for high interlayer-temperature

condition, average grain size was around 91 pum in pulsed MIG which was 64 pm for CMT samples.
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Figure 5.19 Microstructure in transverse direction of torch travel showing HH-T2 samples at layer
transition from 2 to 3 shown for pulsed MIG (a) and CMT (b). Microstructure of layer 6 from pulsed
MIG (c) and CMT (d).

(©)

Figure 5.20 Microstructure in transverse direction of torch travel showing LH-T1 samples at layer
transition from 2 to 3 shown for pulsed MIG (a) and CMT (b). Microstructure of layer 7 from pulsed
MIG (c) and CMT (d).
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Figure 5.21 Microstructure in transverse direction torch travel showing LH-T2 samples of layer 7
produced using pulsed MIG (a) and CMT (b).

Thus, it can be argued that grains formed in pulsed MIG process were appreciably larger than found in
CMT process. High heat input and interlayer-temperature condition of pulsed MIG process showed
largest grains while statistically low heat input and interlayer-temperature of CMT samples produced
smallest grains. There was no large difference in the average grain size for CMT samples (around 65
um), however, low heat conditions further reduced grain size. Lower penetration, arc energy, heat input
and short circuit transfer metal deposition continuously fragmented the forming larger grains in CMT

resulting in smaller grains [80].
5.3.2 Microstructure throughout wall height (15 layers)
5.3.2.1 Microstructure along transverse direction of torch travel

It is common practice to produce a microstructure as a representative of entire area of interest; however,
sometimes it may not represent the entire area, particularly in additive manufacturing where repeated
heat addition imparts microstructural variations. In this consideration microstructure maps were
prepared that will reveal the microstructural variation over the entire wall with 15 layers. Details
regarding orientation of microstructural planes considered with respect to torch travel are provided in
Figure 5.22
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Figure 5.22 Illustration of planes considered for microstructure observations and their orientation
with respect to torch travel direction. Microstructural plane perpendicular to torch travel direction
i.e. transverse direction of torch travel (a) and microstructural plane parallel to torch travel direction
i.e. longitudinal direction of torch travel (b)
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Microstructure maps of CMT samples are shown in Figure 5.23 and Figure 5.24. A box shown in figures
represents a continuous grain structure. All representative eight samples revealed roughly elongated
grains in the build direction. As discussed earlier, grain sizes differed from high heat input to low heat
input samples and grains were equiaxed at the top layer. Grains were comparatively smaller at the
bottom layers which grew from layer 2 to 3 to its normal size. From previous discussion, grain size for

these samples is varying from 50 to 65 um.

(d) C-LH-T2-Tr

Figure 5.23 Microstructure map of entire built wall starting from bottom layer (left side) to top layer
(vight side) for interlayer-temperature based CMT samples taken in transverse direction of torch
travel. Sample C-HH-TI (a), C-HH-T2 (b), C-LH-T1 (c) and C-LH-T2 (d). Yellow box indicates

continuous grains transformation.

(a) C-HH-t1-Tr

(d) C-LH-t2-Tr

Figure 5.24 Microstructure map of entire built wall starting from bottom layer (left side) to top layer
(right side) for interlayer-dwell-time based CMT samples taken in transverse direction of torch travel.
Sample C-HH-t1 (a), C-HH-t2 (b), C-LH-t1 (c) and C-LH-t2 (d). Yellow box indicates continuous
grains transformation.
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For the comparison, similar microstructural maps were prepared for pulsed MIG samples which are
shown in Figure 5.25. Similar to CMT samples, pulsed MIG samples also revealed variation in grain
sizes with respect to heat input and interlayer-temperature. High heart input samples shown in Figure
5.25a and b, witnessed long columnar grains stretching throughout entire length of a layer. Thus, in
some cases columnar grains possessed length of the order of 600 pm or more; however, no grain was
found grown through the layers. This is contradictory to the epitaxial grain formation reported for Ti-
6AI-4V alloy. Thus, at the end of every layer, a new grain formation was reported. In case of low heat
input samples, overall grain size was smaller. Columnar grains with length of around 400 pm were
found. Further it would be interesting to understand the nature of grains formed in three directions. At
this point, it is clear that CMT samples possessed roughly equiaxed grains while pulsed MIG samples
showed columnar grains when viewed in transverse direction of torch travel. Microstructural maps of
entire wall taken in longitudinal direction are depicted in Figure 5.26 and Figure 5.27.
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A
(c) P-LH-12-Tr

(d) P-LH-t1-Tr

Figure 5.25 Microstructure map of entire built wall starting from bottom layer (left side) to top layer
(right side) for pulsed MIG samples taken in transverse direction of torch travel. Total 15
micrographs represent microstructure of respective 15 layers sequentially from left to right (bottom to
top). Sample P-HH-T1 (a), P-HH-T2 (b), P-LH-t1 (c) and P-LH-12 (d).

5.3.2.2 Microstructure along longitudinal direction of torch travel

Microstructural study in the longitudinal direction of torch travel is not widely explored in the open
literature. Many researchers studied microstructures only in transverse direction of torch travel
[16,79,84,150]. A microstructural map taken in longitudinal direction of torch travel revealed a highly
different microstructure taken in transverse direction of torch travel. Figure 5.26 and Figure 5.27 show
microstructural map for CMT and pulsed MIG samples in longitudinal direction of torch travel
respectively. Comparing Figure 5.26 with Figure 5.23 and Figure 5.24, it was clear that although the
equiaxed grains were witnessed on the plane transverse to torch travel direction, grains were seen
elongated on the plane longitudinal to torch travel direction. Following the map for single wall, for

example Figure 5.26a, columnar grains can be clearly seen inclined at an angle 30° with vertical. A
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growth of grains in this angle suggests the direction of torch travel. As discussed in methodology
chapter, every successive layer was deposited such that start point of new layer was the end point of
earlier layer. Therefore, deposited metal followed peculiar heat extraction pattern and heat flow [154].
Closely following Figure 5.26 and Figure 5.27, it was inferred that in WAAM deposition method,
columnar grains were formed irrespective of the metal deposition methods such as pulsed MIG or CMT.

(¢) C-LH-TI-Lg

;
| | i

(d) C-HH-2-Lg

Figure 5.26 Microstructure map of entire built wall starting from bottom layer (left side) to top layer
(right side) for CMT samples taken in longitudinal direction of torch travel. All micrographs are in
sequential order representing microstructure of respective position in a wall from left to right (bottom
to top). Sample C-HH-TI (a), C-HH-T2 (b), C-LH-T1 (c) and C-HH-t2 (d).

“~(b) P-HA-T2-Lg

(d) P-LH-2-Lg

Figure 5.27 Microstructure map of entire built wall starting from bottom layer (left side) to top layer
(right side) for pulsed MIG samples taken in longitudinal direction of torch travel. Total 15
micrographs represent microstructure of respective 15 layers sequentially from left to right (bottom to
top). Sample P-HH-T1 (a), P-HH-T2 (b), P-LH-t1 (c) and P-LH-t2 (d).
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5.3.3 Relation between interlayer-temperature and interlayer-dwell-time methods

Before proceeding with the calculations and discussion regarding cooling and solidification of metal, it
is worthwhile to discuss the relationship between interlayer-temperature and interlayer-dwell-time
control methods. Temperature of a top layer was maintained either 50 or 100°C for every layer in
interlayer-temperature control method, however, it was important to find out the interlayer-temperature
of each deposited layer for fixed interlayer-dwell-time that is either 30 or 120 seconds. Figure 5.28
confirms the increment in interlayer-temperature for each successive layer deposited in time-based
deposition as discussed earlier [110,140,141]. The highest interlayer-temperature of 135°C was recoded
for high heat input short interlayer-dwell-time method with highest rate of temperature rise. Least
temperature, 40°C, was witnessed at the low heat input longer interlayer-dwell-time having gradual
temperature rise. From the graph obtained, it can be said that for hot deposition condition interlayer-
temperature would further rise if more layers were deposited, however, for least heat condition,
temperature would rather remain similar for further layers. Also, high heat input longer interlayer-
dwell-time control showed appreciable temperature reduction settling around 65°C for last four layers
deposited. Comparatively, low heat input short interlayer-dwell-time followed similar pattern as that
from high heat condition showing continual increment in interlayer-temperature. Thus, it can be
asserted that longer interlayer-dwell-time samples showed lower interlayer-temperature compared to
short interlayer-dwell-times. Thus, from the graph it can be concluded that longer interlayer-dwell-time
supports in heat dissipation reducing the interlayer-temperature and achieving fairly similar interlayer-
temperature after deposition of certain number of layers; however, short interlayer waiting time does
not provide sufficient time for heat dissipation and compels heat accumulation ultimately continuously
increasing the interlayer-temperature. Therefore, interlayer-dwell-time is one of the crucial factors in
metal additive manufacturing that cannot be ignored. The more details about its effect on porosity can
found in discussion part of porosity chapter.
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Figure 5.28 Interlayer-temperature measured for each depositing layer in interlayer-dwell-time based
samples.
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5.3.4 Quantification of metal solidification

Many researchers studied the unconventional solidification mode and heat transfer process involved in
the metal additive manufacturing and many numerical and computational theories were developed
[155-159]; however, the process is not fully understood and large amount of work is anticipated. As in
this work, focus is directed towards the particular temperature maintenance, it was possible to calculate
the liquid metal cooling and solidification rates. There are many mathematical models available,
however, most of them are dedicated to carbon and alloys steels that considers typical critical cooling
temperature range, 800 to 500°C. Therefore, classical established equations commonly employed in
welding operations [160,161] were used for calculations of cooling rates and solidification times as

shown equation 6 and 7 respectively.

2nk(Tc — To)?
Rzn(c 0)

Hnet Eq. (6)
5= LHnet
"~ 2mkpC(Tm — To)? Eq. (7)

Considering Eq.6, R is the cooling rate in °K/s, k is the thermal conductivity in J/m-s-°K, Tc is the
temperature in °K at which cooling rate is calculated, To is the initial temperature in °K, Hnet is the
net heat input of the welding process taken in J/m. For Eq. 7, S is the solidification rate in seconds, L is
the latent heat of fusion in J/m’®, p is the density of metal in kg/m?, C is the specific heat of metal taken

in J/kg-°K, Tm is the melting temperature, and Hnet, k and To are as above.
5.3.4.1 Cooling rates

The cooling rates were calculated for high and low heat input conditions. Pulsed MIG and CMT
methods theoretically showed similar average heat inputs and hence, cannot be separately accounted
for calculations. Graphical representation of cooling rates, shown in Figure 5.29 to Figure 5.31
essentially highlighted the effect of heat input on rate of cooling. Cooling rates calculated at different
temperatures such as 638, 550, 450, 350, 250, and 160°C showed a vast difference. High heat input
samples showed cooling rates between 1000 to 1500 °K/s while it was 2300 to over 3000 °K/s for low
heat input samples when calculated at the melting point (638°C); however, the cooling rates were found
varying from as low as 2.5 to 70 °K/s and 25 to 145 °K/s for high and low heat input samples

respectively when calculated at stress relief temperature 160°C.

For fixed interlayer-temperature samples, cooling rate was unchanged for all 15 layers for a particular
set. At the same time, samples with fixed interlayer-dwell-time showed varying cooling rates, maximum
to minimum for increasing number of layers due to the different interlayer temperatures as discussed
earlier. Therefore, the temperature difference between liquid aluminium and previously deposited layer
gradually decreased with the increment in deposited layer, reducing the overall cooling rate. The
condition holds true for both the heat inputs and thus, affected the microstructure. From Figure 5.29 to
Figure 5.31, a close relation between interlayer-temperature and dwell-time can be drawn. In case of

low heat input, cooling rates were found in proximity for 50°C interlayer-temperature and 120 seconds
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interlayer-dwell-time for all the temperatures considered for cooling rate calculations. Also, 30 seconds
interlayer-dwell-time samples with reducing cooling rates settled slightly higher than the lowest cooling
rate shown by the 100°C interlayer-temperature samples at layer 15. Hence, curves did not cross
showing lowest cooling rate by 100°C interlayer-temperature. Similarly, high heat input samples also
showed matching cooling rates for 50°C interlayer-temperature and 120 seconds interlayer-dwell-time;
however, unlike to low heat input samples, the reducing cooling curves of 30 seconds interlayer-dwell-
time samples crossed the cooling curves of 100°C interlayer-temperature at around layer 9 for all the
cases considered. Thus, heat accumulation in high heat input condition was high enough to reveal the
cooling rate lower than possessed by 100°C interlayer-temperature samples beyond layer 9.
Calculations are provided in Annexure II.
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Figure 5.29 Calculated cooling rate at melting point (a) and at 550°C (b) of deposited aluminium.
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Figure 5.30 Calculated cooling rate at 450°C (a) and at 350°C (b) of deposited aluminium.
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Figure 5.31 Calculated cooling rate at 250°C (a) and at 160°C (b) of deposited aluminium.

5.3.4.2 Solidification times and rates

Solidification times were calculated for eight different metal deposition conditions following Eq. 7 and
graphically represented in Figure 5.32. Samples produced using low heat input showed lesser
solidification time than high heat input. The fact was reflected from the cooling curves described earlier
that cooling rate was higher for low heat input than high heat input suggested lesser solidification time
for low heat input samples. Continuous increase in the solidification time was observed for 30 seconds
interlayer-dwell-time samples due to accumulation of heat that reduced cooling rate and increased
solidification time. Effect of heat accumulation was comparatively less in low heat input samples than
high heat input. On a broader scale, low heat input samples revealed solidification time between 0.15
to 0.2 seconds while it was from over 0.3 to 0.45 seconds for high heat input samples that is
approximately double, that essentially highlighted its impact on grain formation and grain growth.
Again, comparing the solidification time for interlayer-temperature and interlayer-dwell-time control
methods, similar results were obtained for high and low heat input samples. Thus, solidification time
invariably affected the solidification rate depicted in Figure 5.33. Overall appearance of the curves
showing solidification rate closely resembled to cooling curves where higher rates were witnessed at
low heat input and lower at high heat input samples. Refer Annexure II for more details.
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Figure 5.32 Calculated solidification time for deposited aluminium.
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Figure 5.33 Calculated solidification rate for deposited aluminium.

From cooling and solidification curves, it can be conclude that heat input majorly affects the metal
solidification phenomena. Also, interlayer-temperature and interlayer-dwell-time can also be the
controlling factor defining specific cooling and solidification rates, thus ultimately controlling the
microstructure.

5.3.5 Thermal imaging

In methodology chapter, details about temperature measurements of WAAM wall using thermal camera
is described. This section presents the results and related discussion regarding the same. The images
taken as a temperature recordings are shown in Figure 5.34a and b. The images are taken immediately

after the end of deposition of layer 15. For temperature comparison, total 7 spots were chosen on a
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deposited wall roughly at central region such that spot 1 represents temperature of layer 2, spot 2
represent layer 4, spot 3 shows layer 6 up to spot 7 showing temperature of layer 14. The analysis
considers 530 and 0 °C maximum and minimum metal temperature which is a chosen predefined band
of temperature measurement associated with the software employed. This band was chosen because the

alloy of interest possesses melting temperature not far from the upper chosen temperature band limit.

| & 1R [ Resubts | |- Profile| . Histogram | [5 Plot| - Multi|

(b)

Figure 5.34 Thermal camera image showing temperature distribution in WAAM wall samples P-HH-
T1 (a) and P-LH-t2 with seven spots starting from layer 2 up to layer 14.

Figure 5.35 to Figure 5.38 depicted the temperature variation at the central vertical part of a deposited
wall from top to bottom at every alternative layer. Irrespective of metal deposition condition, all graphs
revealed maximum temperature at the middle layers. Top and bottom layers witnessed relatively low
temperatures. In all cases, temperature of the top layers was lesser than temperature of middle and initial
layers suggesting faster cooling for top layers and heat accumulation at middle and initial layers. As
expected, wide temperature variation was seen for different metal deposition conditions. From all the
graphs it can be said that higher interlayer temperature samples witnessed increased overall temperature
across the wall height. Regardless of temperature maintenance condition, pulse-MIG samples showed
higher temperature with respect to comparable conditioned CMT samples. Samples prepared using 30
seconds interlayer-dwell-time showed higher temperature than samples prepared with 120 seconds.
Also, higher heat input samples were found hotter than low heat input samples. Amongst all 16 samples,
P-HH-t1 showed highest temperature for broader part of a wall while C-LH-T1 showed lesser
temperature amongst all samples. The results are in coordination with earlier discussion from
solidification and cooling rates sections where slowest cooling and solidification rate was recorded for
pulsed-MIG sample with 30 seconds interlayer-dwell-time. Samples manufactured with 120 seconds
interlayer-dwell-time and low heat input showed comparatively lower overall temperature of a wall in
pulse-MIG mode. On the other hand, in CMT mode, high heat input and 30 second interlayer-dwell-
time sample was recorded the highest temperature.

One of the important outcomes of the thermal camera recordings highlighted the fact that temperature
of previously deposited layers is raised well above the recrystallisation temperature that is 300°C [134],
therefore, microstructural changes are inevitable. This is important to note that the temperature of
previously deposited layer is raised above recrystallisation temperature multiple times. The fact governs

microstructure development and grain growth that will be discussed in later part of this chapter.
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Figure 5.35 Temperature variation observed in pulsed-MIG interlayer-temperature based samples.
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Figure 5.36 Temperature variation observed in pulsed-MIG interlayer-dwell-time based samples.
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Figure 5.37 Temperature variation observed in CMT interlayer-temperature based samples.
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Figure 5.38 Temperature variation observed in CMT interlayer-dwell-time based samples.
5.3.6 Mechanical properties

5.3.6.1 Tensile properties

Samples prepared using pulsed-MIG process were tested for tensile strengths as discussed in
Methodology chapter. A clear line can be drawn separating high and low heat input samples based on
obtained strength values for respective samples from Table 5.1. Yield and ultimate tensile strengths of
low heat input samples were found higher than high heat input samples. Average yield strengths of high
and low heat input samples were around 126.5 and 134 MPa while ultimate tensile strengths were 276.5

and 285.5 MPa respectively. Hence, samples manufactured with low heat input possessed around 9 and
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10 MPa higher yield and tensile strength than high heat input samples respectively. On the other hand,
while comparing tensile test results based on sample locations it can be said that samples from top
region of a wall had higher yield and tensile strength than samples representing bottom portion. Average
tensile strengths of high heat input samples from bottom and top region of were around 275 and 284
MPa while for low heat input samples values were 277 and 286 MPa respectively. Similar trend was

recorded for yield strength values with lower differences.

Table 5.1 Tensile test results of single bead-multilayer samples manufactured using pulsed-MIG.

Young’s modulus Yield strength Ultimate Tensile Elongation
Sample (GPa) (MPa) Strength (MPa) (%)

ID Bottom Top Bottom Top Bottom Top Bottom Top
P-HH-T1 64.42 56.51 127.92 129.68 276.17 280.05 25 25
P-HH-T2 60.69 63.94 | 123.87 123.06 275.52 274.75 24 24
P-HH-t1 63.94 65.69 | 123.06 127.48 274.75 276.99 25 27.5
P-HH-t2 55.02 62.24 | 125.53 131.05 274.99 278.86 27.5 25
P-LH-T1 61.68 70.34 | 127.98 142.33 284.53 287.96 25 25
P-LH-T2 63.21 57.35 | 130.56 134.18 283.24 289.83 26.5 27.5
P-LH-t1 61.76 5743 | 131.35 133.1 283.99 283.54 29 27.5
P-LH-t2 91.05 61.45 140.7 133.98 287.49 284.61 26.5 25

In an approach of multibead-multilayer wall manufacturing with different interlayer-temperatures as
discussed in Methodology chapter, tensile tests were performed to understand any effect of interlayer-
temperature variation on tensile properties. Results shown in Table 5.2 clearly divides horizontal and
vertical samples. Horizontal samples witnessed higher average yield and tensile strengths compared to
vertical samples by 3 and 49 MPa respectively. Results are similar to the results discussed in porosity
chapter. When samples were compared for interlayer-temperature low heat input samples showed
higher strengths than high heat input samples by marginal difference.

To better understand the effect of interlayer-temperature and its effect on tensile properties, chemical
testing of all interlayer-temperature based samples were performed. Results for the same are presented
in Table 5.3. Work hardening aluminium alloys obtain their strengths from solid solution strengthening
effect produced due to the presence of alloying additions such as Mg for 5xxx series alloys [14,134].
Thus, the selected wire composition 5183 obtains its strength mainly from the Mg; however, elemental
loss in aluminium alloys due to the exposure to a high temperature during arc metal deposition and its
adverse effect on mechanical properties are widely discussed in literature [14]. In recent study, Yuan et
al. [162] discussed the reduced strength of Sxxx series aluminium alloys in WAAM type deposition.
According to authors, the rate of loss of Mg increased with increasing current and decreased with
increasing travel speed. Thus, following the heat input formula, increase in current increases heat input

while increase in travel speed decreases heat input [3,90].
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Table 5.2 Tensile test results of multibead-multilayer samples manufactured using pulsed-MIG.

Sample ID Young(’Gsll)\:;) dulus Yield strength (MPa) [Sjg'l:rllzttz };ﬁf;l;
1-T1-A-H 74.2 135.09 289.36
1-T1-B-H 73.87 133.28 291.07
1-T1-C-H 64.87 134.17 292.46
2-T2-A-H 65.32 131.92 288.61
2-T2-B-H 68.23 131.53 285.2
2-T2-C-H 70.53 132.38 293.38
1-T1-A-V 68.5 132.75 266.94
1-T1-B-V 65.75 132.17 247.17
1-T1-C-V 67.19 131.86 2113
2-T2-A-V 70.67 131.25 233.84
2-T2-B-V 68.85 132.26 264.6
2-T2-C-V 62.89 131.98 222.96

Initial feed stock wire 5183 possessed around 4.91% of Mg that found reduced irrespective of method
used for deposition as per Table 5.3. Comparatively increased percentage of Mg was present in CMT
samples (avg. 4.63%) than pulsed-MIG processed samples (avg. 4.58%). Figure 5.39 highlighted the
increased Mg loss in pulse-MIG samples (avg. 6.61%) compared to CMT samples (avg. 5.65%). It can
be argued that even though CMT and pulsed-MIG samples showed similar heat inputs by calculations,
pulsed-MIG process was relatively hotter. This could be due to the longer ignited arc in pulse-MIG
which was not the case of CMT where intermittent ignition and extinction of arc [3,163] reduced overall
temperature and Mg loss. Further, considering the effect of interlayer-temperature and heat input on
volatile Mg losses, similar results were obtained. Effect of heat input on Mg losses were prominent than
effect of interlayer temperature in both pulsed-MIG and CMT processed samples. Highest heat content
combination amongst eight samples that is pulsed-MIG and high interlayer-temperature showed lowest
Mg content. CMT samples also showed the similar results for high heat input and 100°C interlayer
temperature. The probable reason for low Mg percentage in samples could be the occurrence of higher
temperature while metal deposition that guided Mg evaporation. Temperature of liquid aluminium
raises above the melting point of Mg (1107°C [162]) in both CMT and pulsed-MIG processes; however,
hotter pulsed-MIG could be responsible for raising temperature much higher that could not be achieved
with CMT. Also, similar is the case with heat input where lower heat input raises the temperature above
melting point of Mg but not as high as the temperature raise occurred at high heat input. Elemental Mg
loss usually occurs at the top layer however, at very high temperature there are chances of additional
Mg losses from the penultimate layer and that could be another field of study. This possibility is raised
based on the results obtained for the thermal camera. Particularly for pulsed-MIG samples, high
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penetration and heat input raises temperature of part of penultimate layer well above melting of

aluminium. In this case it will be interesting to study the elemental loss that may affect the mechanical

properties.
Table 5.3 Chemical analysis of deposited samples.
Elem Sample ID
—ents Wi C-HH- | C-HH- | C-LH- | C-LH- | P-HH- | P-HH- | P-LH- | P-LH-
e T1 T2 Tl T2 Tl T2 T1 T2

Si 0.06 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.05

Mn 0.65 0.63 0.64 0.65 0.63 0.65 0.66 0.65 0.65

Mg 491 4.67 4.59 4.6 4.67 4.59 4.51 4.62 4.62

Cu 0.01 0.01 0.01 0.01 0.01 <0.01 0.01 <0.01 <0.01

Zn <0.01 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.1

Fe 0.14 0.13 0.13 0.12 0.13 0.12 0.13 0.12 0.12
Ti 0.07 0.08 0.08 0.08 0.08 0.09 0.09 0.09 0.08
Cr 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
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Figure 5.39 Percentage Mg elemental loss in CMT and pulse-MIG samples.

From the above discussion and results of chemical analysis it was clear that Mg, the main solid solution
forming element responsible for strain hardening, was reduced compared to the feed stock wire.
Therefore, the samples produced with low heat input, referring to Table 5.1, showed less tensile and
yield strength than samples produced with high heat input. The similar results were reported by Fang et
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al. [150] for CMT-P and CMT-ADV processes. Higher Mg loss witnessed by higher interlayer-
temperature samples showed comparatively lesser yield and tensile strength than lower interlayer-
temperature which was also found in Table 5.2. Additional factor while comparing horizontal and
vertical tensile samples is the porosity present at the interlayer region. Detailed explanation regarding
the strength reduction based on porosity is given in porosity and hydrogen dissolution chapter.

5.3.6.2 Hardness measurements

No appreciable differences in the hardness values were observed. In Figure 5.40 to Figure 5.43, hardness
values were roughly above 75 Hv for almost all the samples. Hardness values close to the observed
values were reported by Horgar et al [16]. There were few hardness values found as low as 50 Hv that
can be ignored, however reported here, might be from the presence of porosity at the indentation area.
Table 5.4 compares the average hardness of samples individually and in groups. There were hardly any
variations evidenced in the hardness values, however, high heat input samples from both pulse-MIG
and CMT processes possessed lower average hardness compared to low heat input samples. It should
be noted that the difference between average hardness was marginal of 1.5 to 3 Hv, however, values
cannot be ignored as average values considered roughly 200 individual hardness values for average
calculations. One probable reason for the increased hardness for low heat input samples could be the
higher cooling and solidification rate. Faster cooling forced the formation of smaller grains that can be
held responsible for higher hardness [114] (refer Figure 5.18 to Figure 5.21). Also, it is believed that
recrystallisation and annealing effect offered by high heat input in a layer type metal deposition extends

to larger area of a forming part compared low heat input.
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Figure 5.40 Hardness variation in CMT samples manufactured using high heat input condition.
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Figure 5.41 Hardness variation in CMT samples manufactured using low heat input condition.
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Figure 5.42 Hardness variation in pulsed-MIG samples manufactured using low heat input condition.
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Figure 5.43 Hardness variation in pulsed-MIG samples manufactured using low heat input condition.
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Table 5.4 Average hardness comparison of pulsed-MIG and CMT samples.

Sample Average Hardness Average Hardness
D (Hv) Sample ID (FIv)
P-HH-T1 | 75.19 C-HH-T1 73.66
74.73 74.34
P-HH-T2 | 74.25 C-HH-T2 75.04
74.8 74.57
P-HH-t1 73.4 C-HH-t1 74.41
74.87 74.8
P-HH-t2 | 76.31 C-HH-t2 75.2
P-LH-T1 | 77.3 C-LH-T1 76.61
75.64 76.51
P-LH-T2 | 73.91 C-LH-T2 76.42
75.98 75.96
P-LH-tl | 76.44 C-LH-t1 74.0
76.32 75.39
P-LH-t2 | 76.19 C-LH-t2 76.79
Overall 75 36 Overall 7518
average average

5.3.7 Effect of pulsing on microstructure

Most of the welding operations in recent time use current and voltage pulsing to reduce the heat input.
It was evidenced that pulsing has positive effect in microstructure and mechanical properties [ 164—166].
In current investigation, pulsed-MIG samples witnessed effect of pulsing on microstructure. Open
literature does not discuss the observed phenomena in details. The effect was noticed while
understanding the microstructure taken in longitudinal direction as shown in Figure 5.26 and Figure
5.27. Microstructure of layer 1 taken in longitudinal direction is shown in Figure 5.44 and depositing
parameters such as current, voltage and heat input is shown in Figure 5.45. A clear demarcation of
disruption of columnar grains can be seen in a microstructure.

500 pm

Figure 5.44 Microstructure of first layer of P-LH-t2 sample in longitudinal direction of torch travel
revealing pulsing bands.
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Figure 5.45 Current, voltage and heat input used while producing P-LH-t2 sample.

A distance between the observed bands was measured which found varying from 70 to 120 um. Figure
5.45 showed around 7 to 8 peaks for every 0.05 seconds and torch forward travel was maintained at 0.6
m/min (10 mm/s). Form the calculations, torch should travel a distance of 0.5 mm in 0.05 seconds.
Hence, while a torch traveling a distance of 0.5 mm in forward direction, power source induces around
7 to 8 pulses into depositing metal. Thus, 0.5 mm distance experienced around 8 pulses at a distance of
every 80 um. This distance roughly matches with the measured distance between the bands observed

in microstructure.

It can be argued that pulsing not only supported in creating agitation into liquid weld metal but also
depending upon solidification rate it disturbed the forming microstructure. The effect was studied at the
bottom layer, however, similar pulsing effect can be observed at higher layers. In Figure 5.23 to Figure
5.27, columnar grains were observed disrupted at interlayer region, however, a close observation
revealed that growth of columnar grains was also disturbed due to such a band formation as a result of
pulsing.

5.3.8 Microstructure variation at interlayer region

Behaviour of metal at the interlayer region in metal additive manufacturing is interesting. Ti-6Al-4V
shows centimetre scaled grains continuously grown through one layer to other [20,21]. No such
abnormal growth of grains was reported in aluminium alloys [78,80,150]. Even long columnar grains
were found interrupted at the interlayer region whereas part produced from CMT and CMT variants
showed small sized grains [78,80]. In light with this, further part of this study highlights the

microstructures from interlayer regions of the samples produced using pulsed-MIG and CMT processes.

For better understanding of metallic behaviour at the layer interface region, samples shown in Figure
5.46(a) were manufactured such that top layer covered only half of the total wall length and
microstructure of that part was studied. SEM image of samples C-HH-t2 is shown in Figure 5.46(c)
which demonstrated the existence of fine grains at the layer interface region. Upper and lower region
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away from the interface clearly evidenced the presence of columnar grains. Microstructure showed

similarity with the microstructures from Figure 5.26.
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Figure 5.46 SEM image at location A. A full length sample C-HH-t2 — a front view (a), macro of a top
part taken in longitudinal direction of torch travel (b) and SEM image at location A revealing
macroscopic grains (c).

Orientation of columnar grains remained aligned with the torch travel direction. In Figure 5.46(c), upper
region of layer interface showed penultimate layer in which metal deposition was started from right
hand side and torch moved towards left hand side and reverse was the case of layer below it. Stretched
columnar grains that did not show any dendritic nature could have been formed in particular direction
of heat extraction forced by previously deposited layers. Heat flow in previously deposited layers
remains the major source of extraction [110,113,141]. Heat released to the atmosphere by radiation
cannot be as high as heat extraction by earlier layers. Equiaxed dendritic grains at the top layer
completely eliminated and replaced by columnar grains, as discussed in Part-I of this chapter. Therefore,
temperature gradient at the newly deposited layer and previous layers could be the driving force for the
formation of columnar grains. The effect of heat addition during later layers deposition on the

morphology of grains from earlier layers is a little discussed topic in the open literature.

From Figure 5.35 to Figure 5.38, it was proved that temperature of earlier layers was raised above the
recrystallisation temperature of the alloy (~300°C [134]) multiple times. This fact must be taken in to
consideration that the grain growth could occur stepwise. For example, grains formed at a layer number
six may get affected not only while depositing layer number seven but also by layer number eight, nine,
ten and so on depending upon shape and size of a part being manufactured, heat input of the process
employed and metal’s thermal properties. Thus, if temperature at the layer number six is raised above
the recrystallisation temperature (that allowed grain boundary migration and grain growth) grain
boundary migration can be expected in coordination with the heat flow. Thus, smaller columnar grains

formed during the deposition of layer seven could be expected to grow in length after deposition of later

133



layer namely eight, nine etc. until temperature raise at layer six crosses recrystallisation temperature.
At this point it should be noted that grains formed during deposition of seventh layer will remain the
main grain structure and all the modification expected at later heating stages will not affect primary
shape. Thus, grain modification could be the results of temperature gradient, one direction heat flow

and raise of temperature above the recrystallisation temperature.

Zhang et al. [80] and Fang et al. [150] reported the existence of fine grained zone between two layers
and probable reason authors discussed was the alternating polarity of CMT process that disturbed the
dendrite growth disrupting overall grain growth forming fine grains. The postulations are relevant and
therefore, it can be assumed that alternating polarity with reciprocating motion of feed stock wire was
responsible for finer grain formation. Higher magnification SEM image shown in Figure 5.47(c) further
emphasized the presence of finer grains in CMT samples. Thus, Figure 5.46(c) and Figure 5.47(c)
observed finer grains at top region of a wall which did not undergo additional heat application.
Therefore, following earlier discussion on grain growth, it is important to study the interlayer regions
from the lower layers. Representative microstructures obtained from an optical microscopy of the lower
layers are shown in Figure 5.48(a) and (b). Samples C-HH-T1 and C-HH-t2 both revealed finer grains
at interlayer regions which experienced multiple heat treatments. Even after the repeated heat
application, CMT samples evidenced finer grains at the interlayer region. The similar pattern of finer
grains were observed in almost all the interlayer regions irrespective of layer numbers and deposition

techniques.

20 30
AT

Figure 5.47 SEM image at location B. A full length sample C-HH-t2 — a front view (a), macro of a top
part taken in longitudinal direction of torch travel (b) and SEM image at location B revealing
macroscopic grains (c).
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Figure 5.48 Microstructure in transverse direction of torch travel showing interlayer regions between
layers 3 and 4 of sample C-HH-T1I (a), layers 7 and 8 of sample C-HH-t1 (b), layers 6 and 7 of
sample P-HH-T1 and layers 7 and 8 for sample P-HH-T2.

On the contrary, pulsed-MIG samples with higher heat content showed continuation of grains through
layers as can be seen in Figure 5.48(c) and (d). There were relatively less number of fine grains were
present. The particular interlayer region with grain continuation can found at only in pulsed-MIG
samples with high heat input. Samples from low heat input failed to reveal such a grain continuation
through layers, hence, presented fine grains. It was discussed earlier that pulse-MIG process provides
higher heat input than CMT process. Therefore, it can be concluded that high heat input in pulse-MIG
raised temperature of the grains at an interlayer region above the recrystallisation temperature to a great
extent number of times that supported in migration of grain boundaries of a fine grains in coordination
with the heat flow direction that is down wards. It was observed that smaller grains converted and joined
the larger columnar grains. Thus, formerly developed columnar grains had grown at an expense of finer
grains at interlayer region ideally representing the epitaxial grain growth in aluminium. Only pulse-
MIG high heat input samples showed such a grain growth that can be correlated with temperature rise
displayed in Figure 5.35 and Figure 5.36. For example, sample P-HH-tl showed temperature 530°C
and above for layers 4 to 12 while depositing layer number 15. This high temperature showed lower
cooling and solidification rate allowing more time for grain boundary migration. Also, temperature
gradient created in the process further guides grain orientation. It is worthwhile to mention that finer
pores at the interlayer region found drastically reduced which either got dissolved into solid solution

during the process of grain migration or combined to form larger pores.
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It should be noted that the size of columnar grains has grown only at a region close to interlayer region
by joining of fine grains. Apart from this extension, there was hardly any dimensional change was
noticed. Thus, rest of the grain portion remained unchanged. This particular fact of aluminium
differentiates it from Ti-6Al-4V alloy where columnar grains witnessed changes at both ends solely
depending upon temperature gradient. Therefore, at this point it will too early to term this growth as an
epitaxial growth in aluminium; however, for high heat input considering high deposition process, it

cannot be ignored.
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Chapter 6: Residual Stress
Analysis

6.1 Introduction

Considering the structural integrity of the additively manufactured parts, the process induced residual
stresses cannot be ignored. Information about the magnitude and distribution of residual stresses is the
critical factor in designing an engineering component and also to avoid in service damage of a
functioning part [167]. To understand the presence and distribution of residual stresses, various
computational modelling approaches [68,71,75,168] and practical experimentation such as neutron
diffraction, contour residual stress measurement and hole-drilling method [65,66,72—74] have been
undertaken. Additively manufactured part revealed residual stresses as high as the yield strength of a
material [38,74] or higher [72] when measured in specific direction. To reduce the residual tensile
stresses in a formed part, introduction of balancing compressive stresses by interlayer rolling process
was experimented. The method had intended positive results of residual stress reduction [38,70];
however, the method found to be time consuming and difficult to implement for all shapes being formed
via WAAM [131].

There is hardly any study available in the literature mentioning application of Contour method for
residual stress measurement of WAAM object prepared by alloys other than Ti-6Al-4V and Ni-based
super alloys. The method becomes suitable due to its simplicity of operation, requirement of standard
equipment and obtaining 2D stress map of plane of interest [ 169]. Contour can measure stresses in thick
components which is highly difficult through other methods. On the contrary, compared to other
standard processes, contour results can have errors. Prime et al. [170] reported errors can be +/- 5 MPa
while Zhang et al. [171] noticed variation of 20 MPa. Another study by Hosseinzadeh and Bouchard
[172] suggested error can vary from 15 up to 30 MPa.

Researchers agreed on the fact that in layered metal deposition, the current layer releases residual stress
of previous layers [65,75,111], however, top layer defines the state of overall residual stress and always
have highest magnitude [65,75]. Raised temperature of a deposited part while depositing rear layer
found to have an important effect of residual stress reduction in AM forming part [63,71,112]. Zhao et
al. [65] and Li et al. [113] studied the effect of raised temperature at the forming part by correlating it
with the interlayer dwell time, however, temperature of the part may not necessarily remain the same
for different sized and shaped objects formed with same interlayer dwell time. Longer interlayer dwell
time allowed increased cooling time for metal to contract and thus increased residual stresses compared
to shorter dwell times that imparted relatively greater temperature of deposit and substrate before
deposition of rear layer. Mughal et al. [63] reported the increased substrate temperature supported in
reducing the distortion in continuous metal deposition approach. One of the important study from

Vastola et al. [71] outlined that for every 50°C increase in preheating temperature of a substrate powder
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bed, there was around 20% reduction of residual stresses due to the lower thermal gradients when

powder bed temperature was higher and reduction in yield strength at higher temperature of a material.

There is little work published highlighting the application of maintenance of interlayer temperature in
additive manufacturing (AM) and its effects on residual stresses, microstructure and mechanical
properties. WAAMed aluminium parts were tested for residual stresses using the contour residual stress
measurement method. Total two types of samples described in section 3.4 were studied for the better
understanding of effect of variation of interlayer temperature, substrate thickness, number of layers and
heat input on residual stress formation and distribution. There were eight samples from type 1 and one
sample from type 2 considered. Refer section 3.4.4, Figure 3.25 and Figure 3.26. Thick (20 mm) and
thin (6 mm) substrates, 35 and 18 mm deposit height, 280 and 120 J/mm heat input and 50 and 100°C
interlayer temperature were the selected deposition parameters as described in section 3.4.4.

6.2 Understanding the stress distribution

As discussed in the experimental methodology chapter, a total 9 samples were tested for residual stress
measurement by the contour method (refer Table 6.1). The stress distribution in all the samples at the
cut plane including WAAM deposit and substrate plate is presented in Figure 6.1 to Figure 6.9. These
9 samples were classified into two categories — Type 1 with horizontal substrate and Type 2 with vertical
substrate. Hence, Figure 6.1 to Figure 6.8 represent the Type 1 samples and Figure 6.9 represent the
Type 2 sample. Details of samples are given in Table 6.1. From Figure 6.1 to Figure 6.9, all the samples
revealed tensile as well as compressive residual stresses with varying magnitude; however, tensile

stresses were found dominating compared to compressive stresses as discussed in further sections.

Table 6.1 Details of samples manufactured for residual stress measurement.

Deposit Substrate . Interlayer
Sample sz:::gli height oNfu]:ll:;l; thickness Hf;;gut temperature
Type (mm) y (mm) (9]

1 34-35 20 20 280 50

2 17-18 10 20 280 50

3 34-35 26 20 120 50

4 34-35 20 20 280 100
Type 1

5 17-18 10 20 280 100

6 34-35 26 20 120 100

7 17-18 10 6 280 50

8 17-18 10 6 280 100
Type 2 9 18-19 15 6 120 -
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Figure 6.1 Distribution of residual stress in Sample 1 with 20 mm substrate thickness — Type 1.
(Stress S33 shown in the figure is in the transverse direction to the plane and unit of stress is MPa).
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Figure 6.2 Distribution of residual stress in Sample 2 with 20 mm substrate thickness — Type 1.
(Stress S33 shown in the figure is in the transverse direction to the plane and unit of stress is MPa).
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Figure 6.3 Distribution of residual stress in Sample 3 with 20 mm substrate thickness — Type 1.
(Stress S33 shown in the figure is in the transverse direction to the plane and unit of stress is MPa).
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Figure 6.4 Distribution of residual stress in Sample 4 with 20 mm substrate thickness — Type 1.
(Stress S33 shown in the figure is in the transverse direction to the plane and unit of stress is MPa).
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Figure 6.5 Distribution of residual stress in Sample 5 with 20 mm substrate thickness — Type 1.
(Stress S33 shown in the figure is in the transverse direction to the plane and unit of stress is MPa).
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Figure 6.6 Distribution of residual stress in Sample 6 with 20 mm substrate thickness — Type 1.
(Stress S33 shown in the figure is in the transverse direction to the plane and unit of stress is MPa).
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Figure 6.7 Distribution of residual stress in Sample 7 with 6 mm substrate thickness — Type 1. (Stress
S33 shown in the figure is in the transverse direction to the plane and unit of stress is MPa).
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Figure 6.8 Distribution of residual stress in Sample 8 with 6 mm substrate thickness — Type 1. (Stress

S33 shown in the figure is in the transverse direction to the plane and unit of stress is MPa).
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Figure 6.9 Distribution of residual stress in Sample 9 with 6 mm substrate thickness — Type 2. (Stress
S33 shown in the figure is in the transverse direction to the plane and unit of stress is MPa).
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The deposit and substrate parts of all samples can be separated in such a way that residual stress
distribution in the two parts can be compared separately. Figure 6.10 illustrates the stress distribution
in the deposits of all the Type 1 samples. Stress distribution in the substrate parts of Type 1 samples is
shown in Figure 6.11. From Figure 6.10 and Figure 6.11 it can be inferred that all the deposits exhibited
maximum tensile residual stresses and balancing compressive stresses were present in the substrate.
Geometry of samples found to have impact of distribution of stresses.

Sample 1

Sample 3

Sample 5 Sample 6 Sample 7 Sample 87

Figure 6.10 Deposit parts of samples 1 to 8, Type 1 having horizontal substrate. (Refer Figure 6.1 to
Figure 6.8 for respective colour indices and stress values).

Sample 1 Sample 5
Sample 2 Sample 6

Sample 3 Sample 7

—

Sample 4 Sample 8

Figure 6.11 Substrate parts of samples 1 to 8, Type 1. Substrates of samples 1 to 6 showed 20 mm
thickness and samples 7 and 8 showed 6 mm. (Refer Figure 6.1 to Figure 6.8 for respective colour
indices and stress values).
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6.2.1 Stress distribution in deposit of Type 1 samples

Figure 6.13 to Figure 6.20 show stress distribution in the deposit parts of Type 1 samples. All figures
describe the actual residual stress following the central line of a deposit part. An average stress at each
millimetre taken in horizontal direction is described in Figure 6.12. Comparison of the residual stress

in a form of average stress taken across the deposit thickness at every 1 mm height difference is shown

in Figure 6.21.
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Figure 6.12 Schematic of WAAM describing stress averaging direction.
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Figure 6.13 Distribution of average and centre line residual stress in deposit part of sample 1 having
35 mm height, 20 layers, 20 mm substrate thickness, 280 J/mm heat input and 50°C interlayer
temperature.
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Figure 6.14 Distribution of average and centre line residual stress in deposit part of sample 2 having
18 mm height, 10 layers, 20 mm substrate thickness, 280 J/mm heat input and 50°C interlayer
temperature.
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Figure 6.15 Distribution of average and centre line residual stress in deposit part of sample 3 having
35 mm height, 26 layers, 20 mm substrate thickness, 120 J/mm heat input and 50°C interlayer
temperature.
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Figure 6.16 Distribution of average and centre line residual stress in deposit part of sample 4 having
35 mm height, 20 layers, 20 mm substrate thickness, 280 J/mm heat input and 100°C interlayer
temperature.
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Figure 6.17 Distribution of average and centre line residual stress in deposit part of sample 5 having
18 mm height, 10 layers, 20 mm substrate thickness, 280 J/mm heat input and 100°C interlayer
temperature.
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Figure 6.18 Distribution of average and centre line residual stress in deposit part of sample 6 having
35 mm height, 26 layers, 20 mm substrate thickness, 120 J/mm heat input and 100°C interlayer
temperature.
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Figure 6.19 Distribution of average and centre line residual stress in deposit part of sample 7 having
18 mm height, 10 layers, 6 mm substrate thickness, 280 J/mm heat input and 50°C interlayer
temperature.
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Figure 6.20 Distribution of average and centre line residual stress in deposit part of sample 8 having
18 mm height, 10 layers, 6 mm substrate thickness, 280 J/mm heat input and 100°C interlayer
temperature.
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Figure 6.21 Average residual stress in deposit.

As described in Table 6.1, sample numbers 1, 3, 4 and 6 with 33-35 mm deposit height can be grouped
together for comparison with sample numbers 2 and 5 that revealed 17-18 mm deposit height with
comparable deposition conditions. Although, sample numbers 7 and 8 manufactured with short deposit
height, their substrate thickness was different than taller deposit substrates, hence, sample 7 and 8 are

not considered for this comparison. For the mentioned substrate thickness, sample 2 and 5 are compared
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with sample 7 and 8. Further, samples 1, 2, 3 and 7 are compared with 4, 5, 6 and 8 respectively to
understand the effect of interlayer temperature on residual stresses. Influence of number of layers can
be obtained by comparing sample numbers 1 and 4 with samples 2 and 5 respectively. Lastly, maximum
and minimum heat input can be compared for residual stresses by comparing sample numbers 1 with 3

and 4 with 6. Table 6.2 represents peak tensile stresses measured at a point in all samples.

Table 6.2 Maximum tensile stress measured in all samples at single point.

Sample 1 2 3 4 5 6 7 8 9

Maximum
tensile
stress 212 233 215 186 137 182 193 150 238
measured
(MPa)
Average
of tensile
stresses
(MPa)

194 171 238

6.2.1.1 Effect of substrate thickness

The substrate thickness of the samples revealed major impact on the stress distribution. For a fair
comparison, sample 2 is compared with sample 7 and sample 5 with sample 8 so that all the depositing
parameters remains same except substrate thickness. Stress distribution of samples 2, 5, 7 and 8 are
given in Figure 6.14, Figure 6.17, Figure 6.19 and Figure 6.20 respectively. Sample 2 showed majority
of tensile stresses. Tensile stress at the start of deposit was 109 MPa which was increased by 114 MPa
to reach a maximum value of 223 MPa at 6-8 mm deposit height while maximum compressive stress
was 25 MPa at 2-3 mm from the top of deposit. Thus, within roughly 8-10 mm of deposit height, stress
value changed by 245 MPa. Similar trend was monitored for sample 5 that showed 63 MPa initial stress
and maximum of 123 MPa at the 6-8 mm distance from substrate. Sample 5 showed lowest tensile stress
of 57 MPa at 2-3 mm below the top of deposit.

A situation was quite different as can be seen in Figure 6.19 and Figure 6.20, in case of sample number
7 and 8 where maximum stress of 185 and 150 MPa respectively was detected at the bottom of deposit
next to substrate. Tensile stress reduced as deposit height increased up to 5-6 mm. Gradual reduction in
tensile stress was observed in further deposit height up to around 11-12 mm from substrate. At the
height of 15-16 mm that is 2-3 mm from deposit top, a plunge can be seen showing maximum
compressive stress of 85 and 44 MPa. With further 2-3 mm height stress was found approaching towards
tensile stress roughly reaching zero stress level. The stress distribution in sample 2 and 5 when
compared with 7 and 8 was completely different. Sample 7 and 8 showed relatively consistent stress

values and distribution than samples 2 and 5.

Noticeable change in stress distribution was clearly be seen in average stress distribution graph Figure
6.21. Comparing sample 2 and 7, maximum average stress in the sample 2 was 158 MPa at deposit
height of 6-8 mm where as it was 91 MPa at the substrate-deposit interface for sample 7. As discussed

above, average stress followed the actual central stress distribution and reached maximum average
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compression of 50 MPa for sample 7, however, sample 2 did not reveal any compressive stress hence
showed minimum average tensile stress of 51 MPa near the top of a deposit and 37 MPa at the deposit-
substrate interface. Similar pattern was observed in samples 5 and 8. Sample 5 showed maximum
average tensile stress 102 MPa at deposit height of 8-9 mm. Stress continuously reduced away from
central area at both the ends of deposit such that at the deposit top average tensile stress reached 70
MPa and at deposit-substrate interface it was compressive with 14 MPa magnitude. Sample 8 followed
sample 7 where maximum average compressive stress of 58 MPa was at 15-16 mm deposit height and

maximum average tensile stress was 96 MPa.

The results showed that substrate thickness has appreciable influence on stress magnitude and
distribution. More material available in the thick substrate could have offered greater resistance for
deformation compared to thin substrate under the influence of repeated heating and cooling cycles
influencing final state of residual stress. Also, difference in heat flow characteristics between thick and
thin substrates and reduction in maximum temperature experienced at the substrate with every layer
addition could have affected residual stress formation and distribution. A detailed discussion can be
found in section 6.5.

6.2.1.2 Effect of interlayer-temperature

Sample number 7 and 8 are discussed as an example of effect interlayer temperature on distribution of
residual stresses where sample 7 was manufactured using 50°C interlayer temperature and sample 8 had
100°C interlayer temperature. Figure 6.19 and Figure 6.20 show stress variation profiles in sample 7
and 8 respectively. Stress profiles of both the samples are discussed in section 6.2.1.1. Comparing these
two samples it can be argued that sample 7 showed relatively higher magnitude of stress compared to
sample 8. Starting with the maximum tensile residual stress at the deposit height of 0-1 mm, less
interlayer temperature sample showed stress of 185 MPa whilst other sample with higher interlayer
temperature showed around 150 MPa. After gradual reduction in stress intensity until up to around 50
MPa, a sharp plunge in sample 7 was noticed in which stress reached a maximum compressive 85 MPa
while the reduction in stress was relatively smoother in sample 8 and maximum compressive stress was
around 44 MPa, roughly half of the sample 7. The similar effect of interlayer temperature on stress
magnitude can be found while comparing sample 3 and 6 (see Figure 6.15 and Figure 6.18) where
sample 3 revealed maximum tensile stress 192 MPa which was 10 MPa more than maximum stress at
sample 6. Maximum compressive stress was 35 MPa for sample 3 and 39 MPa for sample 6. Sample 4
(see Figure 6.16) showed relatively less maximum tensile stress 185 MPa compared to sample 1 (see
Figure 6.13) that showed 208 MPa. Results from sample 2 and 5 were also in similar line (refer Figure
6.14 and Figure 6.17). Maximum tensile residual stress was 225 MPa while compressive was 25 MPa
for sample 2 whilst sample 5 showed maximum 123 MPa tensile residual stress and no compressive

stress was reported. Minimum tensile stress was 57 MPa for sample 5.

Average residual stress comparison between sample 7 and 8 also clearly revels the effect of temperature
maintenance. Sample 7 showed greater average residual stress at tensile and compressive stress peaks
compared to sample 8. The deposit height of 0-1 mm compared to sample 8. Sample 7 had 96 MPa
tensile stress whereas sample 8 had marginally less 91 MPa. As deposit height increased, stress reduced
and reversed into compressive. Higher average compressive stress showed by sample 7 which was 58
MPa, 8 MPa greater than sample 8. Similar trend of residual stress distribution was observed in sample
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3 and 6 where sample 3 revealed greater peak stress values than sample 6. Maximum average tensile
stress of sample 3 was 153 MPa whereas sample 6 showed 144 MPa. Comparing the average
compressive stress, sample 3 displayed 7 MPa stress and sample 6 disclosed 2 MPa stress value. Tensile
stress was also present at deposit height of 6-8 mm where sample 3 and 6 showed 46 and 25 MPa
average stress respectively. Following sample 1 and 4, sample 1 showed higher peak tensile stress 142
MPa compared to sample 4 at 129 MPa. Also, sample 2 showed higher average peak tensile stress
around 158 MPa than sample 5 that showed 102 MPa stress. Detailed discussion can be found in section

6.6 Effect of interlayer temperature.
6.2.1.3 Effect of deposit height

Considering total height of the deposition, two distinct patterns of stress distribution can be readily
noticed. All the sample numbers 1, 3, 4 and 6 with deposition height of 33-35 mm followed peculiar
pattern as can be seen in Figure 6.13, Figure 6.15, Figure 6.16 and Figure 6.18. Central stress along the
deposition height varied from high tensile to considerable compressive stress. Residual stress near
substrate in the deposit showed tensile stresses from 7 to 65MPa that further increased up to 49 to 100
MPa as distance from substrate increased and peaked at around 5 mm for all four samples. With further
increased distance from a substrate, residual stresses reversed from tensile to compressive and reached
maximum at around 15 mm distance from a substrate that is 17-18 mm from top of a deposit. Maximum
compressive stress was 47 MPa for sample number 4 and minimum was 35 MPa for sample 3.
Following a sharp surge, at the deposition height of around 25-27 mm from substrate that is 7-8 mm
from top of deposit, all the samples showed highest tensile stress. Tensile stress of 208, 192, 185 and
182 MPa was recorded for samples 1, 3, 4 and 6 respectively. Thus, within the distance of 10 mm,
residual stress reversed from compressive to tensile with a large change of around 230 MPa in
magnitude. Reaching towards the top region of a deposit, residual stress plunged towards zero stress
value. The similar variation in a stress can be seen in the graph showing average stress taken across the
deposit thickness in Figure 6.21. Out of four samples discussed, two samples showed presence of
compressive stress when cumulative effect was considered. Highest compressive and tensile stress was
7 and 153 MPa respectively shown by sample 3.

On the other hand, sample number 2 and 5 revealed different pattern of residual stress distribution than
earlier described which can be seen in Figure 6.14 and Figure 6.17. Sample 2 and 5 showed tensile
residual stress of 109 and 63 MPa at the start of the deposit close to substrate. In contrast to the taller
deposit samples 1, 3, 4 and 6, highest residual stress was found at height 6-8 mm from substrate that is
10 mm from top of a deposit. Maximum tensile stress reported was 223 and 123 MPa for sample 2 and
5 respectively. In both the samples with short deposit height, low tensile or maximum compressive
stress was observed at 15 mm away from the substrate that is 2-3 mm from deposit top. Sample 5
showed only tensile stresses with minimum value of 57 MPa at the mentioned location. Sample 2
showed highest compressive stress of 25 MPa at 2-3 mm below the top of a deposit. Lastly for both the
samples, residual stress curve moved upward in tensile stress direction reaching 62 and 64 MPa for
sample 2 and 5 respectively.

The similar trend of residual stress variation can be clearly seen in the form of an average stress variation
(refer Figure 6.21); however, the maximum tensile average stress does not cross 160 MPa value for any
of the tested sample. Similarly, maximum compressive stress was below 60 MPa. Considering high
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deposit samples, sample numbers 1, 3, 4 and 6 showed their maximum average tensile stress at around
26 mm deposit height and it was highest for sample number 3 at around 153 MPa. The actual tensile
stress at the same height was 192 MPa for the same. Sample 1 had highest tensile stress of around 208
MPa at the similar location, however, average stress dropped down to 142 MPa. Comparing
compressive stress, only two samples out of four showed average compressive residual stress at around
15-16 mm from substrate. Sample 3 and 6 showed 7 and 3 MPa average compressive stress respectively.
Other two samples, sample 1 and 4, had minimum average tensile stress 11 and 10 MPa at the similar
deposit height. Shorter samples 2 and 5 showed all tensile average residual stresses with maximum
average stress reaching as high as 158 MPa in sample 2. Maximum stress at the sample 5 did not exceed
105 MPa stress. Minimum average stress found in sample 2 was 51 MPa at the top of the deposit. More
details and discussion is provided in section 6.7 effect of deposit height and number of layers.

6.2.1.4 Effect of number of layers

On a broader scale, effect of number of layers on the stress distribution was found similar to that of
effect of height when difference in deposit height was considerably large (here 16-18 mm). While
comparing sample 2 with sample 1 and 3 and sample 5 with sample 4 and 6, effect of number of layers
and effect of deposit height was found similar. Further, samples with comparable heights are compared
having different layer numbers such as sample 1 and 3 as well as sample 4 and 6. Marginal difference
in the magnitude of peak stress was observed. Considering samples 1 and 3, maximum compressive
stress was 39 MPa in sample 1 while it was 35 MPa in other. A peak tensile residual stress in sample 3
was 192 MPa which was lesser by 9 MPa in magnitude compared to sample 1. In second comparison,
sample 4 and 6, maximum tensile residual stress was 185 MPa in sample 4 which reduced my 3 MPa
in sample 6. Compressive residual stress in sample 6 was 39 MPa and sample 4 showed around 47 MPa.
This indicated that higher number of layers reduced the peak magnitude of residual stress. Discussion

on effect of number of layer can be found in section 6.7.
6.2.2 Hardness measurement at deposit of Type 1 samples

Hardness test was performed on the deposit parts shown in Figure 6.10 as well as on substrate displayed
in Figure 6.11. Variation in the hardness across the deposit height was obtained and trend is displayed

in graphs from Figure 6.22 to Figure 6.29. Average hardness of each sample is given in

Table 6.3. It can be observed that average hardness of all the samples falls within similar range;
however, some plunge in hardness values were observed. The probable reason for reduced hardness
could the presence of porosity. All the deposit parts formed by aluminium melting and solidification
process possess porosity. One of the representative macro of the hardness samples as shown in Figure
6.30 revels the presence of porosity at testing surface that might have intervened hardness testing at the
precise hardness test location. More details about porosity can be found in the chapter on porosity of
this thesis. A single value plunge in a graph having hardness value below 60Hv are omitted from the
calculations. The reason being the values below 60 Hv are far smaller than other observed hardness
values which are around 75 Hv. The results are not far from the hardness values reported by Horgar et
al. [16] for same 5183 aluminium alloy. Hardness values above 80 Hv were reported by Qi et al. [57]
for Al-Cu-Mg alloys.
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Figure 6.22 Distribution of residual stress and hardness along deposit height of sample 1.
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Figure 6.23 Distribution of residual stress and hardness along deposit height of sample 2.
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Figure 6.26 Distribution of residual stress and hardness along deposit height of sample 5.
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Figure 6.28 Distribution of residual stress and hardness along deposit height of sample 7.
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Figure 6.29 Distribution of residual stress and hardness along deposit height of sample 8.

Table 6.3 Average hardness of deposit and substrate.

Sample no. 1 2 3 4 > 6 7 5
Average hgrdness of 765 787 771 78.5 76.1 79.5 75.3 76.9
deposit (Hv)
Average hardness of 28 g7 86.5 85.5 85 86 78 79
substrate (Hv)
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Figure 6.30 Hardness test — sample 1 showing hardness locations throughout cross-section.

Following

Table 6.3 it was clear that average hardness values for deposits were varying between 75 to 80 Hv for
all the samples; however, hardness of substrates were relatively high above 85 Hv for samples 1 to 6
and marginally below 80 Hv for samples 7 and 8. A particular trend similar to residual stresses was not
observed for hardness. Effect of depositing parameters was less prominent on hardness; however,
average hardness possessed by sample can be compared. Samples manufactured with low interlayer
temperature 1, 3 and 7 showed comparatively lower average hardness compared to samples 4, 6 and 8
respectively. The percentage difference in average hardness was 2.44, 3.01 and 1.99% respectively.
Samples with higher heat input having less number of layers showed lower average hardness than

samples manufactures with lower heat input but increased number of layers.
6.2.3 Stress distribution in substrate of Type 1 samples

From Figure 6.21 it was clear that average residual stresses in deposits of samples were mostly tensile.
The corresponding balancing compressive residual stresses were expected in respective sample
substrates. The distribution of average residual stresses in the length direction in substrates of eight
samples is given in Figure 6.31. Sample no. 1 to 6 with 20 mm substrate thickness revealed that majority
of the compressive stresses were present at a region immediately below the top surface up to depth of
around 12-13 mm. Further down the line compressive stresses were lowered and tensile stresses arose
at most of the bottom half of substrate thicknesses. A trend of residual stress distribution in a substrate
can be seen in Figure 6.11. Peak compressive stresses in six samples were found around 5 to 7 mm from
substrate top and reached zero around 12-14 mm depth before reaching maximum tensile at 17-19 mm
depth. Sample 1 showed highest compressive and tensile stresses around 60 and 66 MPa respectively
amongst all six samples. Sample numbers 7 and 8 having 6 mm substrate thickness showed drastic
changes in residual stresses. Thinner substrates followed similar stress distribution pattern that was
observed in 20 mm thick substrates. Immediately at below the top surface, maximum compressive
residual stress was observed while it reached maximum tensile just before the bottom end. This
approach of averaging residual stresses broadly separates upper half of the substrate having compressive
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stresses from bottom half revealing major tensile stresses; however, another approach shown in Figure
6.32 considers average taken in thickness direction. This approach of presenting residual stresses
confirmed that central part of a substrate close to deposit possessed tensile stresses. Moving away from
the central region, tensile stresses reduced and converted in to compressive stresses. The effect was
predominantly seen in Figure 6.32a for samples 1 to 6. Major portion of a substrate apart from close to
deposit and extreme ends revealed compressive residual stresses. Comparing all six samples, Sample 1
showed maximum average tensile stress just above 20 MPa at central part. In Figure 6.32b thinner
substrates, samples 7 and 8, showed high tensile stresses reaching up to above 120 MPa at central region
and above 100 MPa compressive away from central part. Intense stresses were seen in thinner substrates

altering between tensile and compressive in nature.
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Figure 6.31 Average residual stress in substrate taken along length.
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Figure 6.32 Average residual stress in substrate taken along thickness.

6.2.4 Stress distribution in Type 2 sample

Residual stress distribution in Type 2- samples number 9 is displayed in Figure 6.33. The deposit part
of the sample showed high tensile stresses and substrate compressive stresses. Similar to Type 1
samples, tensile stresses were observed at the bottom of sample 9. Maximum tensile stress of around
215 MPa was present at the top region, mostly top layer of deposit that gradually reduced as height
decreased and reached around 25 MPa compressive at the deposit substrate interface. Further maximum
compressive stress of the order of 127 MPa was reported at around 10 — 12 mm from top surface in
substrate. With further reduction of distance residual stress gradually increased reaching over 110 MPa

at the bottom of substrate. Average stress distribution calculated followed the similar pattern.
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Figure 6.33 Distribution of residual stress in sample 9.

6.3 Magnitude of residual stresses

The results obtained from the contour testing highlight the presence of large tensile and compressive
residual stresses in WAAM component. It is apparent that the magnitude of residual stresses was higher
than the yield strength of the material composition 5183; however, the yield strength value considered
for the comparison was obtained from tensile testing with uniaxial force. The properties of wire ER5183
provided by manufactures are given Chapter 3. Different tensile and yield strengths reported in literature
and obtained during this study are reported in Table 6.4. From the date represented in the Table 6.4
confirms that the maximum tensile and yield strength did not cross 300 and 145 MPa respectively in
deposited condition. Considering these results, plastic deformation of a deposit should start beyond 145
MPa of applied stress. Hence, residual stress higher than 145 MPa cannot be present; however, tensile
residual stress as high as 200 MPa and compressive residual stress up to 50 MPa were apparent in
graphs from Figure 6.13 to Figure 6.20. Hence, residual stresses are around 40% higher than the yield
strength value provided my wire manufacturer.

There are many theories regarding establishing the relation between hardness, yield strength and tensile
strength of different materials [173—176]. A simple relationship established by Tabor [177,178] in early
studies mentioned yield strength is around one third of hardness.

oy=H/3 Eq. (8)

where oy is yield strength and H is hardness
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Table 6.4 Yield and ultimate tensile strengths from testing of wire 5183 after deposition from various

sources.
Tensile strength . .
Yield strength (MPa) (MPa) g Deposit condition Reported by
145 293 Additive manufacturing | Horgar et al. [16]
124 273 Additive manufacturing Geng et al. [84]
146 283 Welding Dutra et al. [179]
Lincoln Electric
140 300 All weld test [180]
.. . This study (refer
141 287 Additive manufacturing Table 5.1)
. . This study (refer
131 284 Additive manufacturing Table 5.1)
.. . This study (refer
130 283 Additive manufacturing Table 5.1)

Depending upon metals deformation characteristics during hardness test, different relations were
established in later studies. Deviation of yield and hardness values from experimental observations led
establishment of newer formulae for polymers, ceramics, and metals including ferrous and non-ferrous
metals; however, very few relations drastically vary from Tabor’s equation such as for ceramics and
metallic glasses as derived by Zhang et al. [174]. From

Table 6.3 and as mentioned earlier, all hardness values of the deposits are varying from 75 to 80 Hv
that is approximately 735 to 785 MPa (refer Appendix — III). Following simple relation given by Tabor
[177,178], the expected yield strength of the material should vary from 245 to 260 MPa given that
hardness values are around 735 to 785 MPa (75 to 80 Hv). Detailed calculations are provided in
Appendix — III. On the other hand, if reverse calculations are made for hardness values considering 140
MPa yield strength, hardness values should fall around 43 Hv (420 MPa); however, all the hardness
values reported earlier are around 80 Hv, well above 43 Hv for deposit of 5183 wire [16,179]. The
calculations support the presence of residual stresses with value as high as 200 MPa. Maximum stress
value reported in considering all the samples is 225 MPa in sample 2. From the hardness calculations
maximum yield strength can be around 250 MPa. Hence, maximum stress observed in the deposit is
less than the actual yield strength of a materials which support the possibility of presence of high
residual stresses. The reason for large difference between the yield strengths obtained by tensile strength
and calculations as per Tabor’s equation can be the difference in material deformation after application
of'load. The load is unidirectional in case of tensile testing, however, indenter penetrates into materials
surface in hardness testing. Different behaviours of different kinds of materials after application of load
is discussed in detail by Zhang et al. [174]. Detailed discussion on the behaviour of aluminium 5183
wire deposit and its correlation with yield and tensile strength is out of scope of this study.

Leggatt [181] suggested a condition to check the possibility of presence of residual stresses with

magnitude close to yield strength of material in a welded component. An equation can be written as —
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o (T—To)> 6, /E Eq. (9)

where a is coefficient of thermal expansion, Ts is softening temperature usually taken at which yield
strength drops to 10% of its ambient temperature (refer Figure 6.34), Ty is ambient or interpass/layer
temperature, oy is yield strength at ambient or interpass/layer temperature and E is young’s modulus.
As per the calculations in Appendix — III, both the types of samples, 50 and 100°C interlayer
temperature, showed higher values for product of coefficient of thermal expansion and temperature
difference than ratio of yield strength to young’s modulus of deposit material. The values of the products
were 0.00975 and 0.00845 for 50 and 100°C interlayer temperature respectively compared to the ratio
0.002. The calculations confirmed that residual stresses in a deposit could be close to yield strength of
a material. Hence, it can be around 225 MPa as discussed earlier.
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Figure 6.34 Material property variation as a function of temperature a) mechanical properties (from
ASM Handbook [182]) and b) thermal properties (from ASM Handbook [127]).

Table 6.5 compares the maximum compressive stress measured at substrates of all samples. From the

values it can be said that maximum compressive stress at a point in thick substrates (samples 1 to 6)
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could not cross 135 MPa, however, thin substrate samples (samples 7 and 8) showed more than 250
MPa stress value. From these observations, thick samples showed comparatively lesser compressive
stresses than thin samples. On an average maximum compressive stress in thick substrate samples was
92 MPa while it was 265 MPa for thin substrate samples. Maximum value shown by samples 7 was
recorded at the one of the corners of substrate and can be considered overvalued or as a measuring
irregularity. The magnitude of compressive stress recorded at samples number 8 agreed the presence of
high stresses and it can be said that such a high stresses were responsible for distortion in thin substrates.
Another argument could be the local change of mechanical properties of the substrate material due to
high heat application at the area immediate to deposit region. More detailed explanation can be found
in section 6.5.

Table 6.5 Maximum compressive stress measured in all samples at single point.

Sample 1 2 3 4 5 6 7 8 9

Maximum compressive

stress measured (MPa) 132 74 88 108 50 104 | 281 250 | 140

Average of compressive

stresses (MPa) 92 265 140

Several thermal cycles of expansion and contraction are believed to give rise to residual stresses in
deposit. The amount of expansion and contraction can be measured using basic equation of coefficient

of thermal expansion for volumetric scale.

(vi—wvo) /vo=a. (To—Ty) Eq. (10)

where vr and vo are final and initial volumes, To and Ty are initial and final temperatures and a is
volumetric coefficient of thermal expansion. Previously deposited layers expand due to deposition of
new layer. The layer immediately beneath newly depositing layer is expected to show highest
dimensional changes compared to other layers due to experience of highest temperature. The effect of
temperature on the dimensions of a deposit diminishes from top layer to bottom layer depending upon
temperature gradient. From the Eq. 10, volume changes in a single layer can be calculated for heating
and cooling cycles. Detailed calculations of volume expansion and contraction during temperature rise
and temperature drop for two heat inputs used in the study are displayed in Appendix — III. According
to the Appendix — III, samples manufactured with 50°C interlayer temperature showed around 4 %
volume expansion and contraction, thus, during single layer deposition that is one heating cycle, the
layer on which a new layer is deposited experienced total 8% of dimensional changes. In case of 100°C
interlayer temperature samples, total dimensional changes were 7.5%, hence, around 3.75 % of volume
expansion and contraction were observed. Hence, percentage strains expected were 4.1 and 3.7 % for
50 and 100°C interlayer temperature respectively (Appendix — III). The strain values are relatively high
compared to other materials for example steel. Coefficient of linear thermal expansion of steel is
roughly half of aluminium. Therefore, as per Appendix — III if linear expansions were calculated for
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steel and aluminium considering 50 and 100°C interlayer temperature, aluminium showed roughly
twice strain than steel. Thus, high coefficient of thermal expansion of a materials plays important role
in controlling temperature dependent strains and thus ultimately residual stress formation. High strains
in aluminium can be considered as a one of the important factors controlling and forming residual

stresses.

At this point it can be argued that during and after every new layer deposition, heat flow exerts both
positive and negative strain depending upon temperature rise and fall at particular location of a deposit.
As number of layer increases, the temperature rise at layers far from the top layer reduces depending
upon deposit’s dimensions and material characteristics. Reduced strains are expected at the region
having reduced temperature rise compared to large temperature rise. Hence, after metal deposition area
close to top layer shows higher strains due to hotter regions and bottom area shows relatively lesser
strains due to lower temperature. Only the top layer that is being deposited possesses increased free area
for dimensional changes (contraction during metal solidification) due to absence of any layer on top
and other layers starting from first layer on a substrate up to penultimate layer experiences restrictions
as bottom and top part of layers are bound to adjacent layers. Hence, when temperature rises at any
layer except top layer, metal expands more in less restricted region that is in horizontal direction and
expands less in vertical direction as schematically shown in Figure 6.35. Thus, multiple layer
deposition, restrictions to accommodate positive and negative strains and non-uniform expansion and

contraction cycles across the deposit height enforces complex residual stresses a deposit.
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Figure 6.35 Schematic of expected and restricted strain directions in WAAM deposit.

In several studies on residuals stresses by contour method researchers revealed that the maximum stress
in the component could be as high as yield strength of a material. Toparli and Fitzpatrick [183] reported
as high as 250 MPa compressive stress in aluminium laser pinned part. Zhang et al. [171] reported
maximum stress around 175 MPa whereas Liu and Yi [184] reported around 160 MPa residual stress in
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aluminium component. The evidence supports the existence of high residual stresses in a fabricated
part. In an additively manufactured part made of Ti-6Al-4V, residual stresses of the order of 500 MPa
has been reported [87,185] by contour testing. In line with this, in a stainless steel weld, peak tensile
stress was found around 320 MPa (roughly 40% higher than expected yield strength by tensile test) and
compressive up to around 100 MPa. Residual stress study by contour method is not available in a
literature for additively manufactured aluminium part. A computational study approach is advised in
the case.

Contour testing assumes material deformation fully elastic with recognition of stresses only in normal
direction to the cut surface and does not identify shear stresses and transverse displacements at the cut
surface. Depending upon the magnitude of residual stresses, especially close to yield stress, plastic
deformation may arise resulting errors in stress measured [186,187]. Also, internal imperfections affect
contour cutting and stress relaxation. Errors in residual stress measurements could be +/-5 MPa as
reported by Prime at el. [170], however, it was around +/-20 MPa for Zhang et al. [171]. Maximum
error reported by Hosseinzadeh and Bouchard [172] was 15-30 MPa. These conditions could be valid
for the obtained results as stresses are close to yield strength of a materials and porosity was found in
the deposit as shown in Figure 6.36. It can argued that residual stresses in an additively manufactured

part of aluminium could be as high as yield strength of a material.

Restricted
dimensional chan

Figure 6.36 Expected and restricted dimensional changes in WAAM deposit and a porosity on cut
surface.

6.4 Relation between hardness and residual stress

The hardness values showed hardly any relation with deposition parameters due to the frequent abrupt
changes in hardness values in all samples. Surface imperfections could be the probable reason for the
same. On the other hand, hardness values obtained are close to those reported by Horgar et al. [16] for
WAAM using wire 5183 while Dutra et al. [179] for welding using the same wire. Processing the data
obtained from Figure 6.22 to Figure 6.29 a rough correlation between hardness and residual stress can
be determined as shown in Figure 6.37. The graph shows minimum hardness value for stress
approaching zero and higher value for increased stress. The condition holds true for tensile as well as
for compressive residual stresses. There is no large difference in the variation of hardness, however,
pattern can be seen. From scattered data it can be said that for the increase of tensile stress from 0 to
225 MPa hardness increased from 75 to 79 Hv. In case of compressive stresses when increase from 0
to 50 MPa hardness rose from 77 to 79 Hv. Thus, direct relationship between residual stress and
hardness can be easily obtained from the graph. The probable reason for hand in hand correlation
between hardness and residual stress could be the increased strain at high stress regions provided

increased resistance for the indenter penetration in to the deposit material. Higher the penetration greater
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the materials deformation, hence, lower the hardness. Part of deposit material at high stress region
possesses relatively higher strain should have revealed less deformation due to already existing
increased strain and less stressed area have relatively less strained part of deposit that showed
comparatively higher material deformation that is lesser resistance to deformation (penetration for
indenter). Deposits and substrates of the same samples showed large difference in hardness values. This
might be correlated to the increased surface imperfections at deposit compared to substrate. Another
reason could be the mechanical deformation of wrought substrate material by rolling may have
increased the hardness and minimised surface imperfections as compared to undeformed newly

solidified deposit material.
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Figure 6.37 Correlation between hardness and residual stress.

6.5 Effect of substrate geometry

6.5.1 Type 1 samples

When liquid metal is deposited and gets solidified, due to metal contraction tensile stresses develop at
the depositing metal and balancing compressive stresses in substrate [114]. Figure 6.13 to Figure 6.20
confirm that deposits possess majority tensile residual stresses and Figure 6.11, Figure 6.31 and Figure
6.32 suggests maximum balancing compressive stresses were produced in substrate. From Figure 6.32
a schematic of representing rough stress distribution ina WAAM part with thin and thick substrates can
be drawn as shown in Figure 6.38. The representation resembles with the stress profile usually found in
welded structure as described by Kou [114] and Dewald and Hill [188].

Residual stress measurement by contour method was experimented by Martina et al. [185] on WAAM
part manufactured using Ti-6Al1-4V material. Considering geometry of WAAM parts, overall stress
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distribution pattern in the Ti-6A1-4V and all aluminium processed samples was expected similar apart
from magnitude of stresses. Surprisingly, only samples with 6 mm substrate thickness, sample number
7 and 8, showed similarity with the titanium samples which had similar substrate thicknesses [38,185].
Rest of the six samples with 20 mm substrate thickness showed entirely different stress distribution
pattern. As discussed earlier, maximum stress was present at the top region of deposit for six samples
irrespective of the deposition conditions; however, samples 7 and 8 had peak stresses present at the

portion close to substrate, similar titanium samples.
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Figure 6.38 Schematic of residual stress distribution profile across WAAM part a) thin substrate b)
thick substrate.

The probable reason for the difference in stress distribution between thin and thick substrate samples
could be the availability of larger material volume at 20 mm thick substrate than 6 mm thick samples.
Total volume of 20 mm thick substrate was 2.3 times greater than 6 mm thick substrate (refer Appendix
— III). Thicker material shows higher stiffness compared to thinner material provided other dimensions
are similar. Higher stiffness suggests higher resistance to deformation compared to less stiff material.
Firstly, this fact highlights 20 mm thick substrate will have higher resistance to dimensional changes
offered by addition of heat than 6 mm substrate. Further, stiffness of material is a function of
temperature with inverse relation. Increased temperature eventually would reduce stiffness, young’s

modulus and yield and tensile strength (refer Figure 6.34). Thus, at high temperature material becomes
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more susceptible to deformation. In one of the studies on effect of substrate thickness, Corbin et al.
[189] reported considerably high temperature at the bottom surface of thin substrate than thick substrate
after metal deposition at top surface. The results suggested that thin substrate gets heated up to high
temperature throughout the thickness due to the presence of less material volume to spread heat
compared to thick substrates. Higher thickness sample showed considerably less temperature at bottom
surface indicating temperature gradient in cross section. This could be because higher material volume
acts as a better heat sink than lesser volume. Hence, hotter thin substrate shows increased susceptibility
for strain than thick substrate. This suggests that thinner substrate that has lower heat absorption
capacity will respond more to the heat flowing down from a deposit. The response could be the
formation of increased residual stresses due to higher temperature rise. Figure 6.39a and b illustrates
the temperature distribution pattern expected in two different types of substrates.

AR

Support ~ Temperature Deposit ~ Heat flow  Substrate
platform boundary

Figure 6.39 Temperature distribution in a) thick substrate and b) thin substrate.

As temperature increases beyond threshold value, stress relaxation temperature of a material, material
alleviates plastic stress and strain due to local annealing effect. For the chosen aluminium alloy, stress
relaxation process roughly begins from 160°C [190] which is around 0.25 time its melting point.
Another reference [191] reported stress relaxation starts at temperature around 0.2 times the melting
point of alloy. The temperature for Ti-6Al-4V is around 0.4 times of its melting point [189,192]. The
difference could be due to different strengths, hardness and heat handling capacity. Figure 6.39 showed
a temperature boundary that relates to stress relaxation temperature into substrate. When metal layer is
deposited through arc, heat penetrates into substrate, however, due to heat absorption and dissipation
temperature gradient always persists. Thus, temperature inside the curves in Figure 6.39 considers
temperature higher than stress relaxation temperature.
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6.5.1.1 Thin substrate

In case of thin substrate, the stress relaxation isotherm extends throughout the thickness as shown in
Figure 6.39b. Material in this band should relieve stresses and strains by displaying a distortion. A close
observation of the bottom part of substrates of samples 7 and 8 (refer Figure 6.7, Figure 6.8 and Figure
6.11) exactly beneath the deposit region revealed a small bulge which indicates dimensional change for
stress accommodation due to heat application. A major distortion is expected in the region adjacent to
deposit redistributing residual stresses. High tensile residual stresses shown in Figure 6.32b extend up
to much wider part of a substrate away from deposit region confirmed temperature rise much above
stress relaxation temperature in a wider region. It can be argued that temperature was high enough in
the vicinity of the deposit part to produce considerable expansion which was later on cooling to room
temperature produced appreciably high tensile residual stresses due to material contraction. The area
outside of the isotherm that is extreme ends of substrate having less temperature rise will produce
balancing compressive stresses which can observed in Figure 6.32b. From Figure 6.7 and Figure 6.8, it
can be said that less material stiffness offered by 6 mm thick substrate and high temperature rise of a
substrate cannon produce balancing compressive stresses in substrate thickness adjacent deposit region.
Therefore, compressive stresses could be intensely present at the substrate ends where temperature rise
is relatively less. It can be said that, for initial layers of metal deposition, compressive stresses were
present in the substrate region close to deposit due to relatively less temperature of substrate balancing
tensile stresses of deposit. Later, as number of layers increased, amount of heat flowing towards the
substrate region gets dissipated in the vicinity of deposit increased enforcing thermal expansion. This
could have shifted the compressive stresses towards the relatively colder part of a substrate. This could
be due to heat sink/accumulation at the region close to deposit in substrate responsible for local area
expansion following formation of tensile residual stresses. This explains the presence of high tensile
stresses in the cross sectional part of thin substrates. Total ten number of layers were deposited making
total height of deposit around 17-18 mm (refer Table 6.1) which might not be high enough to
accommodate part of heat flowing towards the substrate reducing temperature at cross section. Rough
residual stress profile across the WAAM parts of different substrate thicknesses observed is depicted in
Figure 6.38. The residual stress distribution is not vastly different from that usually observed in the
welded structure [114]. There will be heat conduction into the bottom metallic platform, however, this
will not be enough to avoid the high temperature effects in the substrate.

6.5.1.2 Thick substrate

The stress relaxation temperature isotherm in case of thick substrate in contrast to thin substrate could
not have reached bottom of a substrate as can be seen in Figure 6.39a. Also the area of isotherm in thick
substrate in comparison to thin substrate must be smaller due to rapid heat conduction and dissipation
in larger available material. A small bulge at the substrate beneath the deposit as observed in samples 7
and 8 was absent in thick substrates. This suggests that heat flowing from the top surface is not sufficient
enough to produce any stains at the bottom part unlike samples 7 and 8. In contrast to thin substrates,
compressive stresses were present in the vicinity of a deposit in substrate. From Figure 6.1 to Figure
6.6 it is clear that compressive stresses were distributed in roughly upper half part of substrate thickness.
The fact suggested that sufficient stiffness offered by thick substrate and absence of heat accumulation

at the part close to deposit provided enough balancing compressive stresses against the tensile stresses
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forming due to molten metal solidification at deposit region. For the initial layers deposited on a top
surface, deposit should show tensile stresses and balancing opposite stresses in adjacent substrate region
as was discussed and expected at thin substrates. The effect of temperature rise at substrate is prominent
for initial layers and diminishes as number of layers increases due to distance between heat source and
substrate gradually increases. As number of layers increased, opposed to the fact observed in thin
substrates, in thick substrate heat flowing from deposit was dissipated into the substrate. Thus,
maximum tensile stress was created in deposit instead of deposit-substrate interface. From sample
numbers 1 to 6 with deposit heights of around 18 mm and 35 mm (refer Figure 6.13 to Figure 6.18) it
can be said that irrespective of deposit height, high and low tensile stresses were distributed across the

section height except for very small part of compressive stress (refer Figure 6.40).
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Figure 6.40 Temperature distribution in deposit and substrate after completion of metal deposition.

This could be because of strong support provided by the substrate by forming balancing compressive
stresses in a substrate against all the tensile stresses forming during metal solidification in a deposit
part. Heat added from the top of deposit with every layer of deposition is used partly for melting and
raising temperature of the region immediate below the top layer and remaining heat conducted towards
substrate. After depositing a layer, liquid metal gets rapidly solidified due to large temperature gradient
between liquid metal and previously deposited layer and also due to heat loss to the atmosphere and
previously deposited layers; however, after solidification of top layer, temperature of the deposit part
beneath top layer (from results around 10 mm from top) remains high enough for longer duration to
produce appreciable strain, expansion in this case, at the same region. This can be drawn from the results

showing peak residual stresses in top region. After cooling the whole assembly to room temperature,
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high strain produced high tensile stresses in the specific part of deposit. Temperature at the central part
of deposit reduced relatively faster due heat extraction by substrate. This could be due to the geometry
of a part being manufactured. Heat conduction from the central part of deposit towards the substrate is
more practicable as high material volume substrate is expected to extract heat from the deposit than
conducting heat upwards towards top layer. Further, after depositing 25 layers, it appears that substrate
acted as a reservoir of heat. Bottom part of deposit remains relatively hot due to proximity to the hotter
substrate. This might have created thermal expansions in the local region that after cooling to

temperature gave rise to tensile stresses.

However, region of a substrate below the top surface adjacent to cross section predominantly showed
compressive stresses (refer Figure 6.31a). Further, majority part of bottom half of thick substrate
showed tensile stresses as discussed earlier in section 6.2.3 and following Figure 6.31. When the heat
is introduced into the substrate it flows towards bottom surface which is in contact with steel support
platform. Heat get accumulated at the bottom surface due to inability of free flow of heat from bottom
surface to support platform opposed to free flow from top surface to bottom surface. Typical illustration
of the same is shown in Figure 6.39. Therefore, heat accumulation is prominent at the bottom surface
producing appreciable strain. Thus, as discussed earlier, strained region produced tensile stresses after
cooling whole assembly to the room temperature. Top surface of substrate remained in contact with the
atmosphere all the deposition time. It can be argued that heat at the top surface and immediately below
it is transferred to atmosphere by convection. Therefore top surface could have revealed relatively
cooler part of the assembly and hence showed compressive stresses. Hence overall stress distribution
pattern in the WAAM manufactured part resembles that was found in welded structure and can be
represented as per Figure 6.38a with comparatively increase compressive stresses spread over larger

area compared to thin substrate.

Another possible explanation for the presence compressive stresses at the central part and tensile
stresses at extreme ends could be the bending moment acting within the WAAM assembly. Sample
number 2 and 5 with less deposit height showed only tensile stresses opposed to samples 1, 3, 4 and 6.
The geometry of the part being manufactured found to have major impact on stress formation and
distribution. Taller deposit height could be responsible for creating compressive stress area in central
part of deposit. Tensile stresses development due to hot metal deposition at top, heat extraction and high
stiffness offered by large material volume substrate producing balancing compressive stresses could be
the affecting factors for stress formation and redistribution defining stress magnitude as well as location
in WAAM part. The inverted t-shape of the assembly and increasing height of the part at centre with
application heat could be affecting the stress distribution changing bending moment after particular
deposit height. Specific study on the effect of work geometry on residual stress distribution is further
recommended. Stress distribution in WAAM assembly changes due to unclamping [193] after
completion of deposition. Also, EDM cutting of the samples might have affected stress redistribution.
The extent of effect of unclamping and EDM cutting on stress redistribution can be more understood
by computation study approach which is not the scope of this work.

6.5.2 Type 2 sample

Due to the unlike geometry of substrates of Type 1 and Type 2 samples, stress distribution in whole

assembly appears completely different, however, close observations showed there was appreciable
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similarity. Stress distribution in deposit shown by Figure 6.21 and in substrate as per Figure 6.31 can
be combined and compared with Figure 6.33. Overall stress distribution confirmed that deposit part
remains under tensile residual stresses while counteracting compressive stresses were created in
substrate. Further, at the bottom part of the substrate tensile stresses were present. Considering overall
stress distribution in Type 2 sample, the stress flow matches with one observed in Type 1 samples. The

presence of large magnitude of stresses can be explained similar or previous discussion.

The phenomena of stress relaxation and heat dissipation to the substrate observed in Type 1 samples
cannot be directly applied to Type 2 samples due to unalike substrate geometry and hence due to
different heat flow conditions. Although, sample 9 didn’t have horizontal substrate to spread the heat
across, it had taller substrate with height of 60 mm; however, considering the overall dimensions of the
substrate, total volume of Type 2 sample was only 0.12 and 0.4 times that of 6 and 20 mm thick
substrates from Type 1 respectively (refer Appendix — III). The fact suggests that lesser material will
have reduced heat extraction rate and heat absorbing capacity than larger material volume. Heat flowing

into the substrate of Type 1 samples could spread in 3 dimensional space of the substrate as shown in

Figure 6.41a.
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Figure 6.41 Schematic of heat flow in Type I and Type 2 samples.

Heat conduction is also possible from the bottom surface of a substrate having larger area to the metallic
platform to a certain extend. Area of bottom surface of Type 1 samples was 18750 mm? (Please refer
Appendix — III for area calculations). Also, area of the substrate available for heat convection to the
atmosphere was 29750 and 22050 mm? for 20 and 6 thick substrate samples respectively. Considering
Type 2 sample, heat flow remained restricted only in one direction that is from deposit at the top towards
the bottom of substrate as shown in Figure 6.41b. Due to geometry, three dimensional heat flow in a
substrate is not possible in Type 2 samples that is major restriction for heat extraction from deposit.

Also, comparatively less area (750 mm?) remained in contact with metallic platform which was only
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0.04 times Type 1 samples. Further, Type 2 sample should experience heat loss due to convection to
the atmosphere with calculated area of 15720 mm? which was again lesser than both of Type 1 samples.
The fact explains that most of the heat being transferred to the substrate get accumulated preferably at
the bottom of substrate. For initial layers heat extraction from substrate could be larger increasing
overall temperature of substrate, however, with increased number of depositing layers temperature of

substrate would have reached substantially high reducing heat extraction rate.

It is apparent that in sample 9 maximum compressive stresses were aggregated at the substrate
immediately below substrate-deposit interface similar to Type 1 samples. Both the ends of WAAM
assembly, top deposit and bottom substrate, revealed tensile residual stresses. The observations suggest
that the heat flow greatly influenced stress distribution. There can be two reasons which further needs
to be better understood through practical and/or computation approach. Firstly, after deposition of
certain number of layers, bottom substrate remained hotter than central region. The reason being only
available one-directional heat conduction towards the bottom portion, continuous exposure to heat and
reduced heat losses from the portion supported in heat accumulation in the bottom region. Thus, it may
have observed higher positive strains. During cooling, higher contraction at the bottom helped in
forming tensile stresses. Presence of tensile stresses at top and bottom portion of assembly supported in
formation compressive stresses at the central part balancing the overall bending moment in the
manufactured assembly. Secondly, central area representing compressive residual stresses remained
close to deposit part experiencing temperature rise at every layer deposition. Temperature remains
higher than experienced by the bottom region of substrate. It can be argued that irrespective of relatively
larger expansion experienced due to temperature rise at the region, relatively lower stiffness and
strength of the central region may have incurred balancing compressive stresses due to the presence of
high tensile stresses formed at the top deposit region. Also, due to geometry of the entire assembly
bending moment acted in such a way that top and bottom portion of substrate represented tensile stresses

and central weak part incurred balancing compressive stresses.

6.6 Effect of interlayer temperature

Beneficial effects of raised temperature of a substrate and previously deposited layers before deposition
of subsequent layer in additive manufacturing on residual stress distribution and distortion is previously
debated [63,71,75,112,194]. As discussed in section 6.2.1.2, sample manufactured with less interlayer
temperature (sample 7) showed higher residual stress compared to sample prepared using higher
interlayer temperature (sample 8). This temperature difference affected peak tensile and compressive
stress values disclosing difference of 43 and 41 MPa respectively. Hence, there was 22% and 48% stress
reduction after increasing the interlayer temperature. More details about percentage of reduction of

residual stresses due to increased interlayer temperature measured for deposits are given in Table 6.6.

From Table 6.6 it is clear that as the interlayer temperature was increased, peak residual stress
decreased. The results are in accordance with the previous results shown by Alimardani et al. [112] and
Vastola et al. [71] mentioning inverse relation between preheat temperature and residual stresses in an
additively formed part. The relation reported was not only valid for wire based additive manufacturing
but also for power bed processes. Average decrement in the tensile residual stress was around 20% for
four sets of samples while the same sets were compared for compressive stress, average stress reduction

was around 25%. It can be argued at this point that around 20% stress reduction can be obtained after
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increment of the interlayer temperature from 50 to 100°C. The results presented in Table 6.6 display a
close relation with the observations reported by Vastola et al. [71] in a computational approach where
researchers reported reduction of around 20% of Von Mises stresses for every 50°C temperature

increment.
Table 6.6 Peak residual stess values and percentage differences for deposit.
Peak Percentage Percentage
Interlayer residual Peak residual 1ag reduction in
Sample . . reduction in .
temperature | tensile stress | compressive . . residual
number residual tensile .
(°cO) [from Table | stress (MPa) stress (%) compressive
6.5] (MPa) 0 stress (%)
1 50 212 47
12 17
4 100 186 39
2 50 233 25
41 -
5 100 137 -
3 50 215 39
15 10
6 100 182 35
7 50 193 85
22 48
8 100 150 44
Average % reduction 22.5 25

It was noticed that solidification of metal affects residual stress formation [75]. Liquid metal
solidification and contraction is responsible for stress formation. If heat input is kept constant, the
temperature of a liquid metal falling through arc reaching deposition surface can be considered
approximately constant. Temperature of liquid metal is not monitored in this study. The temperature
gradient between molten metal and depositing surface changes when temperature of the depositing
surface changes. This drives a change in the solidification rate. As discussed earlier in methodology
chapter, theoretical approach revealed that the solidification times for deposited molten metal for high
heat input samples were 0.274 and 0.328 sec for 50 and 100°C interlayer temperatures respectively. For
the same, liquid metal cooling rates were 2141.3 and 1640.19 °C/sec and calculated solidification rates
were 20.02 and 16.76 mm/sec for 50 and 100°C respectively. This explains relatively faster
solidification at the samples manufactured with low interlayer temperature. Relatively rapid

solidification should induce higher residual stresses compared to slower solidification [13].

6.7 Effect of deposit height and number of layers

Sections 6.2.1.3 and 6.2.1.4 confirmed that height of deposition affects stress distribution. Effect of
substrate thickness on stress distribution is explained in section 6.5. Comparing samples 1 and 4 with
samples 2 and 5 respectively it can be argued that combined effect of substrate thickness and number
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of layers showed difference in presence of compressive stresses as well as stress field locations.
Formation of high tensile stresses in deposit is inevitable, however, its location can be varied by
controlling number of layers. For sample numbers 1, 3, 4 and 6 with deposit height of around 35 mm
(refer Figure 6.13, Figure 6.15, Figure 6.16 and Figure 6.18) maximum tensile stress was observed at
around 25 mm deposit height and for sample numbers 2 and 5 having around 18 mm deposit height
maximum tensile stress was around 7-8 mm deposit height (refer Figure 6.14 and Figure 6.17). The fact
indicates that smaller deposition height suppressed while taller deposits raised the location of high
tensile stress area. In another words, irrespective of the deposit height, peak tensile stress was
concentrated at around 10 mm distance from the top of a deposit. Additionally, fewer layer samples did
not reveal presence of compressive stresses in deposit opposed to increased layer samples. A small
region of compressive stress was only at the very top portion of deposit with roughly 2 mm height.
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Chapter 7: Conclusions and

Recommendations for Future
Work

The current work explored influences of metal deposition parameters imposed during wire arc additive

manufacturing (WAAM) on porosity and hydrogen dissolution, microstructure evolution, and residual

stress distribution of aluminium. A new concept of interlayer-temperature that is fixed temperature

maintenance for each layer deposition was introduced for its possible effects. After obtaining results

and thoughtful discussions in Chapter 4 to 6, the current chapter provides important conclusions. The

conclusions are subdivided as per the objectives of the work defined in Chapter 1. Further, this chapter

recommends the future work in line with this study that will support in extending knowledge related to

the introduced concept of interlayer temperature.

7.1 Porosity related

L.

Samples processed with pulsed-MIG and cold metal transfer (CMT) showed an appreciable
difference in pore count, pore volume and hydrogen dissolution characteristics highlighting
pulsed-MIG hotter process than CMT. Continuous ignited arc of pulsed-MIG method showed
increased overall energy, hotter deposit, higher arc penetration and lower cooling and
solidification rates opposed to that of CMT technique which possessed high frequency
oscillating motion of feed wire and arc on-off effects. These variations affected the hydrogen
absorption, coalescence, pore formation and pore distribution.

Both pulsed MIG and CMT processes showed majority of small pores (0.11-0.20 mm
diameter). Medium and large pores were relatively more in pulsed-MIG. Rapid reduction in
temperature and increased solidification rate by CMT resulted into lesser absorption of
hydrogen compared to pulsed-MIG, thus showed lesser pore count and overall pore volume
fraction. Overall temperature increment of deposit was higher in pulsed-MIG that supported in
coalescence of atomic hydrogen forming larger pores compared to CMT. Pulsed-MIG always
showed higher pore count and overall pore volume fraction compared to CMT when similarly
processes samples were compared.

Increased number of pores were present at the interlayer region compare to other parts of layer.
A distinct band was pronounced in CMT samples than pulsed-MIG. Less penetration effect of
CMT technique could be responsible for clear band formation. Drastic solidification rates
encountered at solid-liquid interface while depositing liquid metal on previously solidified layer
is the probable reason. Pore banding adversely affected tensile properties in built direction than
torch travel direction due to the multiple occurrence after specific distance that is the layer
height.
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4.

Comparatively, lower percentage of dissolved hydrogen was retained in solid solution by
pulsed-MIG than CMT. Hotter and larger melt pool in pulsed-MIG helped in absorption of
higher hydrogen and promoted atomic hydrogen movement in solid aluminium that supported
in atomic hydrogen coalescence, finally forming pores. Therefore, more pore formation
consumed more dissolved hydrogen in pulsed-MIG leaving behind lesser hydrogen in solid
solution.

For processing conditions of low heat content that is low interlayer-temperature, low heat input
and longer interlayer-dwell time control methods, pulsed-MIG showed higher total pore volume
fraction compare to high heat processing conditions that is high interlayer-temperature, high
heat input and shorter interlayer-dwell time. On the other hand, CMT showed a reverse trend.
High heat condition of Pulsed-MIG enhanced hydrogen pore escape showing reduced pores.
On the contrary, low heat CMT with low heat content had reduced hydrogen movement,

forming relatively less pores and increased dissolved hydrogen in solid aluminium.

7.2 Microstructure related

L.

Samples prepared with 50°C interlayer-temperature showed narrower and taller deposits
compared with 100°C sample. This was due to the lower viscosity, higher spread of liquid
aluminium and slower solidification encountered at 100°C interlayer-temperature.

Fine equiaxed grains were predominantly present at every interlayer region. This could be
attributed to the number of forces acting on solidifying metal and absence of even conditions
for metal solidification at solid-liquid interface.

The top layer of a multilayer wall deposition invariably possessed equiaxed grains; smaller for
50°C interlayer-temperature and larger for 100°C. Grain size was inversely proportional to the
temperature difference between melting point and interlayer-temperature.

On a dimensional scale, there was no large variation in geometry of samples processed with
50°C and 100°C interlayer-temperatures; however, for manufacturing of large samples the fact
cannot be ignored.

Grains produced by CMT process were smaller than pulsed-MIG for comparable conditions at
any position in a deposit. This was the result of controlled metal deposition, faster solidification
and cooling rate offered by CMT process.

Larger grains were observed for high heat input and interlayer-temperature samples than low
heat input and interlayer-temperature samples. This was due to the temperature raise
encountered at the high heat input and interlayer-temperature samples that lowered
solidification rate providing increased time for grain growth.

In transverse direction of torch travel grains were columnar for pulsed-MIG while they were
approximately equiaxed for CMT. In longitudinal direction of torch travel, grains were
columnar not only for pulsed-MIG but also for CMT which is not discussed earlier. Speed of
torch travel and single directional heat flow contributed for the formation of columnar grains
in CMT. Higher heat content and heat flow in pulsed-MIG process supported columnar grain
formation visible in transverse and longitudinal plane to torch travel.

The slowest cooling and solidification rate was reported for shorter interlayer-dwell-time that

is 30 seconds, method for layer numbers above 10 in pulsed-MIG technique. In case of shorter
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10.

11.

interlayer-dwell-time, heat addition after fixed time interval did not dissipate to the required
extend showing heat built up raising interlayer-temperature of deposit higher for every new
depositing layer.

Irrespective of metal deposition condition, temperature of at least top two layers was raised
above the recrystallisation temperature of the alloy affecting overall grain formation and
growth. The effect was pronounced in pulsed-MIG, could be the reason for the formation of
columnar grains as discussed earlier

Low heat input samples with smaller grains showed relatively higher tensile strength than high
heat input samples having larger grains in pulsed MIG. Horizontal tensile samples (longitudinal
to torch travel direction) showed higher tensile strength than vertical tensile samples (transverse
to torch direction). Multiple occurrence of interlayer regions with porosity and incongruent
microstructure and presence of columnar grains in built direction were responsible for lower
tensile strength of vertical samples. Relatively higher number of grain boundaries in horizontal
samples supported in increased tensile properties. Also, volatile element Mg, the main
strengthening element in alloy 5183, loss in high heat condition found lowering the tensile
strength.

Grain growth at interlayer region was witnessed for high heat condition of pulsed-MIG
suggesting possibility of formation of epitaxial grains. Uncommon phenomena observed in

WAAM of aluminium suggested a threshold heat content that may drive epitaxial grain growth.

7.3 Residual stress related

1.

Substrate geometry, number of layers that is deposit height, interlayer-temperature and heat
input appreciably affected the residual stresses in a WAAM part.

Deposit part showed majority tensile stresses while compensating compressive stresses were
accumulated at the substrate. Tensile stress formation was attributed to the liquid metal
experiencing contraction during solidification. A substrate of WAAM part under restricted
movement possessed counter compressive stresses balancing the formed tensile stresses.
Tensile residual stresses with magnitude over yield strength of alloy 5183 were found in the
deposit. Origin of high strain due to repeated cycles of thermal expansion and contraction in
aluminium could be responsible for the presence of high magnitude residual stresses.

For all samples with deposit thickness around 35 mm, high magnitude and peak tensile residual
stresses were concentrated near top region. Active bending moment shifted the high magnitude
tensile stresses at the top of deposit where shape and size of the part contributed to the major
extent.

Thicker substrates showed tensile stresses near deposit and compressive in rest part, however,
thinner substrate showed compressive stresses concentrated at extreme ends and majority of
central portion showed tensile stresses. The difference in stiffness and heat flow characteristics
offered by thick and thick substrates in relation with positive and negative strains as a result of
temperature variation and active bending moment controlled stress variation. Temperature rise
near deposit area at thin substrate, thus strain, was higher than thick substrate that controlled

stress distribution.
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6.

Hardness values found increased with increasing tensile as well compressive residual stresses.
The increased strain at high stress regions could have provided increased resistance for indenter
penetration in to the deposit material.

7.4 Recommendations for Future Work

In light of the current findings on porosity and hydrogen dissolution [149,195], microstructural

investigations and residual stress understanding related with WAAM of aluminium; the author would

like to propose the following tasks as a future continuation of this work:

1.

10.

Author proposes a computational approach to understand the effect of variation of interlayer-
temperature, heat input, and interlayer-dwell-time on microstructural variations. This is for the
better understanding of grain growth in CMT which showed columnar grains similar to pulsed-
MIG. Also, computational study of high heat samples from pulsed-MIG process that showed
epitaxial grain growth similar to commonly found in Ti-6Al-4V alloy is recommended.

The presence of similar to epitaxial grain growth in pulsed-MIG high heat samples can be
further chased with thermo-kinetics and mathematical approach. Forming of epitaxial grains
due to application of heat above the threshold value of that material will be interesting and
important field of study that may reveal material’s fundamental property to react to the heat
flow and may enlighten the basics of columnar grain growth.

Formation of nearly equiaxed fine grains at the interlayer region and columnar grains through
layer thickness is not fully understood which may need a thermodynamic and thermo-kinetics
approach.

Effect of interlayer-temperature on dimensions of a large structure need to be investigated to
avoid major dimensional variations from the intended shape.

Loss of elemental Mg at each layer for different interlayer temperatures would highlight the
effect of repeated heat application on Mg content ultimately affecting mechanical properties.
As more than 90% of absorbed hydrogen remains dissolved in solid solution of aluminium alloy
5183, the similar study can be extended to the cast and weld products. Hydrogen coalescence
and pore formation during high temperature application of the formed products could be crucial.
Materials behaviour under different loading conditions such as uniaxial and multiaxial loads
needs further understanding. The fact interfered in study and understanding of residual stresses.
A relation between residual stress and hardness at the location of indenter penetration needs
further investigation.

Computer simulation approach could strongly support in fundamental understanding of residual
stress distribution and profound effect of other deposition variables such as substrate
dimensions and deposit height and overall shape. This could allow increased flexibility for
deposition parameters.

For residual stress study, distortion measurement was not considered. It would be appropriate
to consider distortion measurements and correlate with residual stresses along with the

consideration of parametric effects.
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Appendix — I

Calculations for dissolved hydrogen in sample C-LH-T2 —

(1) Total volume of sample measured by X-CT scan = 1440 mm®
Mass of sample can be calculated such as —
Mass = density x volume
=2.7x 107 (g/mm’) x 1440 mm*
=3.888¢g

(2) Total volume of the pores found in 1440 mm? (3.888 g) of samples volume =
0.44 mm®

(3) Weight of the samples tested for dissolved hydrogen = 0.402 g
Thus, corresponding volume of the pores in samples of weight 0.402 g can be calculated as —
=0.402 (g) x 0.44 (mm?*) / 3.888 (g) = 0.04549 mm’

(4) Total hydrogen detected after dissolved hydrogen test 0.834 ppm
ppm to ml conversion can be as follows —
1 ppm=1.12 (ml) / 100 (g)
Thus, 0.834 ppm are —
=0.834 (ppm) x 1.12 (ml /100 g) / 1 (ppm) = 0.93408 ml / 100 g
Hence, 0.93408 ml of hydrogen per 100 g of metal.

(5) Weight of the samples for dissolved hydrogen test was 0.402 g.
Thus, total hydrogen for 0.402 g of metal can be calculated as —
=0.93408 (ml) x 0.402 (g) / 100 (g) = 0.003755 ml
Hence, 0.402 g of tested samples showed 0.003755 ml (375.5 x 10 ml) of total detected
dissolved hydrogen.

(6) From point (3), we know that 0.402 g of samples showed 0.04549 mm?® of pore volume. Here
we are assuming that all the pores are completely filled with hydrogen.
Therefore, converting pore volume from mm? to ml, we get —
=0.04549 (mm?) = 4.549 x 10 (ml)
Hence, in a sample of weight 0.402 g with 0.04549 mm?® of pore showed
4.549 x 10° ml of hydrogen.

(7) From point (5) we know that total hydrogen in sample was 375.5 x 10~ ml.
From point (6) it was clear that hydrogen in the pore was 4.549 x 107 ml.

Thus, dissolved hydrogen can be calculated as —
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=(375.5-4.549)x 10°
=370.951 x 10 ° ml
Dissolved hydrogen in the sample was 0.00370951 ml (370.951 x 10 - ml)

(8) Percentage of dissolved hydrogen with respect to total hydrogen in sample —
=(370.951 x 10%) / (375.5x 10%) x 100
=98.78 %
Thus, samples C-LH-T2 showed 98.78% of dissolved hydrogen and 1.22% of hydrogen in
pores.

Similar calculations were made for remaining the samples. The obtained values of dissolved hydrogen
are tabulated in Table A.

Table A Details of dissolved hydrogen values samples wise.

Weight of Total Expected total Voi:;‘me E;zs:;;zg
Samples samples ; detected hydrogen in hydrogen | volume in
ID consumed in hydrogen | gamples of 100 g )
dissolved in sample at pores | solid sample
hydrogen test (g) (ml) (ml) (%) (%)
C-LH-T1 0.402 0.003755 0.934 1.22 98.78
P-LH-T1 0.5659 0.006293 1.112 5.06 94.94
C-LH-t2 0.2899 0.003311 1.142 1.25 98.75
P-LH-t2 0.5015 0.007021 1.4 4.48 95.52
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Appendix — I1

Cooling rate

For the calculations of cooling rate as per Eq. 6, following values were used as materials properties of
wire composition of 5183 wherever possible. Otherwise, properties of wrought plate composition 5083

was considered as a closest chemical composition to 5183 alloy.

k =205 J/m-s-°K [127,135,196]

Tc =911 °K for wire composition of 5183 taken from the equilibrium diagram [196,197]
To =323 and 373 °K as per interlayer-temperature maintained

Hnet = 155 x 10° and 350 x 10° J/m for low and high heat input respectively. The values were

calculated as described in porosity chapter.
Solidification time

For the calculations of solidification time as per Eq. 7, following values were used as materials
properties of wire composition of 5183 wherever possible. Otherwise, properties of wrought plate

composition 5083 was considered as a closest chemical composition to 5183 alloy.
k =205 J/m-s-°K [127,135,196]
To =323 and 373 °K as per interlayer-temperature maintained

Hnet = 155 x 10° and 350 x 10° J/m for low and high heat input respectively. The values were

calculated as described in porosity chapter.

L=1.179 x 10° J/m? (Calculations are as per following equation) [135,196]

Latent heat
Molar volume

10.79 kj /mol
107> m3/mol

L

o
Il

p =2700 kg/m* [127,196]

C =880 J/kg-K

Tm =911 °K for wire composition of 5183 taken from the equilibrium diagram [196,197]
Solidification rate

A common approach was adopted for the calculation of solidification rate. Deposition characteristics
of pulsed MIG confirms layer height and penetration around 5.5 mm. The value depends upon number
of factors such as current, voltage, torch travel speed; however, considering values used in this study,
total metal penetration and metal build up is around 5.5 mm. For better comparison, a common values

is considered.
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Therefore, calculations for high heat input low interlayer-temperature follows as —

Distance (mm)

Solidificati t =
olidification rate (mm/s) solidification time (seconds)

55
0.3382

Solidification rate =

Solidificationrate = 16.26 mm/s
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Appendix — 111

Calculations for hardness conversion

Hardness values in Hv can be expressed in kg/mm? by following conversion as —
1 Hv = 1 kg/mm?

This further can be converted into MPa by following the conversion factor —

1 kg/mm? = 9.806 MPa [198]

Therefore, 76.5 Hv = 76.5 kg/mm?

Hence 76.5 x 9.806 = 715.15 MPa

Following the conversion factor, hardness is expressed in MPa as in Table B.

Table B Average hardness of deposits samplewise.

Sample no. 1 2 3 4 5 6 7 8

Average hardness of

. . 76.5 | 787 | 77.1 | 785 | 76.1 | 79.5 | 753 76.9
deposit expressed in Hv

Average hardness of

. . 750.1 | 771.7 | 756.0 | 769.7 | 746.2 | 779.5 | 738.1 | 754.0
deposit expressed in MPa

Calculations for yield strength from hardness values
oy=H/3 Eq. (11)
where o, is yield strength and H is hardness.

Table C Yield strengths calculated from hardness.

Sample no. 1 2 3 4 5 6 7 8

Average hardness of deposit

. 750.1 | 771.7 | 756.0 | 769.7 | 746.2 | 779.5 | 738.1 | 754.0
expressed in MPa

Yield strength MPa 250 | 2572 252 | 256.5|248.7|259.8 | 246 | 2513

Calculations for possibility check of high residual stresses

A condition for the presence of residual stress with magnitude close to yield strength of a material is as

follows —
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a (Ts—To) > oy / E [181] Eq. (12)
where a is coefficient of thermal expansion, T; is softening temperature usually taken at which yield

strength drops to 10% of its ambient temperature (refer Figure 6.34), Ty is ambient or interpass/layer

temperature, oy is yield strength at ambient or interpass/layer temperature and E is young’s modulus.
Case 1 — Calculations for 50°C interlayer temperature
From Eq. 12,

a (Ts— To) = 26 x 106 x (425 — 50)
o (Ts— To) = 26 x 375 x 10°
o (Ts— To) = 0.00975

And,
oy / E=145/70000
oy / E=10.002

This satisfies the Eq. 12 as 0.00975 > 0.002

Case 2 — Calculations for 100°C interlayer temperature
From Eq. 12,

a (Ts— To) = 26 x 10 x (425 — 100)
o (Ts— To) = 26 x 325 x 1076
o (Ts— To) = 0.00845

And,
oy / E=145/70000
oy / E=0.002

This satisfies the Eq. 12 as 0.00845 > 0.002
Calculations for volumetric expansion

Expected volumetric expansion of a single layer a deposited part can be calculated from formula —

Av/vo=a AT [198]
that is (vi— vo) / vo = & (To — Ty) [198] Eq. (13)
where vr and vo are final and initial volumes, To and Ty are initial and final temperatures and a is

coefficient of thermal expansion.

a=70x 10° K (adopted from [127])
vi = volume of a single layer deposited with low heat input can be calculated as —
length = 100 mm
width = 8§ mm
height = 2.3 mm (35 mm / 15 layers)
volume (v) = length x width x height = 1840 mm’®
v, = volume of a single layer deposited with high heat input can be calculated as —

length = 100 mm
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width = 9.5 mm
height =2.2 mm (33 mm/ 15 layers)
volume (v) = length x width x height = 2090 mm?

Therefore, v = 1840 mm?® and 2090 mm? for low and high heat input manufactured parts respectively.
For the alloy Al-Mg with wire 5183 composition, liquidus temperature is around 638°C that is 911 K.
Case 1 — Calculations for 50°C interlayer temperature and low heat input

Change in dimensions due to rise in temperature from 50 to 638°C

To=50°C
Tr=638°C
From Eq. 13,

(ve— 1840) / 1840 =70 x 10 x (638 — 50)
ve= (70 x 10 x 588 x 1840) + 1840
vi=75.734 + 1840

ve=1915.73 mm’®

Hence, expansion of volume was 75.73 mm?

Change in dimensions due to reduction in temperature from 638 to 50°C

Tr=50°C

To=638°C

From Eq. 13,

(ve—1840) /1840 =70 x 10 x (50 — 638)
ve=[70 x 10 x (-588) x 1840] + 1840
ve=—75.734 + 1840

ve=1764.266 mm?

Hence, contraction of volume was 75.73 mm?

Case 2 — Calculations for 100°C interlayer temperature and low heat input
Change in dimensions due to rise in temperature from 100 to 638°C

To=100°C

Tr=638°C

From Eq. 13,

(vi— 1840) / 1840 =70 x 10 x (638 — 100)
ve= (70 x 10 x 538 x 1840) + 1840
vi=69.2944 + 1840

ve= 1909.29 mm?

Hence, expansion of volume was 69.29 mm?
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Change in dimensions due to reduction in temperature from 638 to 100°C

Tr=100°C
To=638°C
From Eq. 13,

(ve— 1840) / 1840 = 70 x 10 x (100 — 638)
ve=[70 x 10 x (—538) x 1840] + 1840
vi=—69.2944 + 1840

ve=1770.7 mm?

Hence, contraction of volume was 69.29 mm?

Case 3 — Calculations for 50°C interlayer temperature and high heat input

Change in dimensions due to rise in temperature from 50 to 638°C

To=50°C
Tr=638°C
From Eq. 13,

(ve—2090) / 2090 = 70 x 10° x (638 — 50)
ve= (70 x 10" x 588 x 2090) + 2090

ve= 86.0244 + 2090

ve=2176.0244 mm?

Hence, expansion of volume was 86.02 mm?®

Change in dimensions due to reduction in temperature from 638 to 50°C

Tr=50°C
To=638°C
From Eq. 13,

(ve—2090) / 2090 = 70 x 10 x (50 — 638)
ve=[70 x 10 x (— 588) x 2090] + 2090
ve=—86.0244 + 2090

ve=2003.97 mm?

Hence, contraction of volume was 86.02 mm?

Case 4 — Calculations for 100°C interlayer temperature and high heat input

Change in dimensions due to rise in temperature from 100 to 638°C
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To=100°C
Te=638°C

From Eq. 13,

(ve—2090) /2090 = 70 x 10 x (638 — 100)
ve= (70 x 10" x 538 x 2090) + 2090
ve=78.7094 + 2090

ve= 2168.7094 mm?

Hence, expansion of volume was 78.7 mm?

Change in dimensions due to reduction in temperature from 638 to 100°C

Tr=100°C
To=638°C

From Eq. 13,

(vi— 2090) / 2090 = 70 x 10 x (100 — 638)
ve=[70 x 10" x (~538) x 2090] + 2090
ve=— 78.7094 + 2090

ve=2011.2904 mm’

Hence, contraction of volume was 78.7 mm?

From above calculations, total change in dimensions assuming 100 mm wall length is tabulated in Table
D.

Table D Total volumetric dimensional changes due to thermal cycles.

. . s Total change in
Control conditions Expansion Contraction (mm°) dimensions (mm?®)
mm?> % mm? % mm? %
50°C . hfat 75.734 4.11 75.734 4.11 151.468 8.22
interlayer .1npu
temperature | Highheat | ¢c o, 4.11 86.024 4.11 172.048 8.22
nput
100°C Low hfat 69.294 3.76 69.294 3.76 138.588 7.52
interlayer .1npu
temperature Hlﬁ;ﬂf” 78.709 3.76 78.709 3.76 157.418 7.52

Calculations for volumetric percentage strain

Percentage volumetric strain can be calculated using the formula —
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e=aAT[13] Eq. (14)
where ¢ is strain, a is volumetric coefficient of thermal expansion and AT is temperature change.
Case 1 — Calculations for 50°C interlayer temperature
From Eq. 14

£=70x 10° x (638 — 50)
e=70x588x10°
e=10.0411

% ¢e=4.11

Case 2 — Calculations for 100°C interlayer temperature
From Eq. 14

=70 x 10 x (638 — 100)
e=70x538x10°
€=10.0376

% e=3.76

Calculations for length based percentage strain
Percentage linear strain can be calculated using the formula —

e =0oAT [13] Eq. (15)
where e is strain, a is linear coefficient of thermal expansion and AT is temperature change.

a1 = 23.5 x 10-° K! (for aluminium [127])
ase = 12 x 107 (for steel [127])

Case 1 — Calculations for 50°C interlayer temperature
Aluminium,

£=23.5x 10 x (638 — 50)
£=23.5x 588 x 10
£=0.01381

% ¢ =1.381

Steel,

e=12x10%x (638 - 50)
e=12x588x10°
€=0.007056

% ¢ =0.705

Case 2 — Calculations for 100°C interlayer temperature
Aluminium,
£=23.5x10°x (638 - 100)
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€=23.5x538x10°
£=0.012643
% ¢c=1.264

Steel,

e=12x 10 x (638 — 100)
e=12x538x10°

€ =0.006456

% £=0.645

Table E Percentage strain comparison in aluminium and steel.

Control condition Material 7o Strain
Aluminium 1.381
50°C interlayer temperature Steel 0.705
Aluminium 1.264
100°C interlayer temperature Steel 0.645

Substrate volume calculation
Type 1 samples
Case 1 — 6 mm thin substrate
Volume (v) = length x width x height
=150 x 125 x 6 mm’
= 112500 mm?
Case 2 — 20 mm thick substrate
Volume (v) = length x width x height
=150 x 125 x 20 mm*
= 375000 mm’
Type 2 sample
Volume (v)= length x width x height
=125 x 6 x 60 mm’?
= 45000 mm’
Surface area calculation
Type 1 samples
Case 1 — 6 mm thick substrate

Total surface area (TSA) = 2(length x width) + 2(width x height) + 2(height x length)
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=2(150 x 125) +2(125 x 6) + 2(6 x 150)
= 40800 mm?
Surface area in contact with metallic platform (SAP) = length x width
=150x 125
= 18750 mm?
Surface area in contact with atmosphere (SAA) = TSA — SAP
=40800 — 18750
= 22050 mm?
Case 2 — 20 mm thick substrate
Total surface area (TSA) = 2(length x width) + 2(width x height) + 2(height x length)
=2(150x 125) +2(125 x 20) + 2(20 x 150)
= 48500 mm?
Surface area in contact with metallic platform (SAP) = length x width
=150x 125
= 18750 mm?
Surface area in contact with atmosphere (SAA) = TSA — SAP
=48500 — 18750
= 22050 mm?
Type 2 sample
Total surface area (TSA) = 2(length x width) + 2(width x height) + 2(height x length)
=2(125x6) +2(6 x 60) + 2(60 x 125)
= 17220 mm?
Surface area in contact with metallic platform (SAP) = length x width
=125x6
=750 mm?
Surface area in contact under deposit (SAD) = length x width
=125x6
=750 mm?
Surface area in contact with atmosphere (SAA) = TSA — (SAP + SAD)
=48500 — (750 + 750)

= 15720 mm?
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