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“T am born with potential.

I am born with goodness and trust.
I am born with ideas and dreams.
I anr born with greatness.

I am born with confidence.

I anmr born with wings.
So, I am not meant for crawling,

I have wings, 1 will fly
I will fly and fly”.

- Dr. AP] Abdul Kalam






Abstract

Metal Additive Manufacturing also referred to as 3D printing has flourished rapidly into sectors such as
aerospace and automotive, where high strength-to-weight ratio and defect-free parts are key requirements.
Until today only a few aluminum alloys like AlSi10Mg and AlSi7Mg are manufactured by laser powder bed
fusion (L-PBF) [1]. Unfortunately, structural alloys from the 6XXX-series (Al-Si-Mg) and 7XXX-series (Al-
Zn) are frequently reported to be crack-sensitive under high cooling rate conditions typical of the L-PBF
process [2,3]. In the literature, few technical solutions have been suggested to overcome hot cracking issues.
Martin et al. [4] proposed to add nano-particles to promote grain nucleation and thus refine grain size.
Others suggest modifying the alloy composition by adding elements like Si [5] or rare-earth elements like Sc
in Scalmalloy®. However, there are still debates regarding the mechanism leading to hot cracks in parts
made of 6061-grade built by L-PBF. This lack of in-depth understanding of the root causes of hot cracking

is an impediment for designing engineering parts for safety-critical applications.

The mechanism at the origin of cracks has been identified as solidification cracking based on the observation
of the fracture surface of as-built parts where a dendritic morphology gives evidence of the presence of
liquid films trapped in the interdendritic space. Also besides, our experimental outcomes based on EBSD
characterization, demonstrate that cracking occurs only along columnar grain boundaries of higher
misorientation (>20°). We rationalize this cracking along high misorientation grain boundaries behavior
using the Rappaz model based on the critical coalescence undercooling [6]. Thus, the critical coalescence

undercooling can be estimated as a function of misorientation.

The Rappaz-Drezet-Gremaud (RDG) hot cracking criterion [7] is then applied using inputs that comply
with L-PBF processing conditions. First, the solidification path of the 6061-alloy is calculated relying on the
Scheil-Gulliver assumption. Second, the critical coalescence undercooling is included in the RDG model by
modifying the lower integration limit to account for the fact that liquid films are stables at lower temperatures
along high misorientation grain boundaries. Finally, the thermal gradients (G) and solidification velocity (»)
required into the RDG are estimated with the help of thermal simulations using the Rosenthal analytical

model to get values typical of the L-PBF process.

Our findings for 6061 alloy show that the existence of stable liquid films is linked to grain boundary
misorientation, which causes a sudden increase in pressure drop leading to cracking. We also evaluate thanks

to our modeling approach:

. the effect of the processing conditions, namely the first-order melting parameters (laser power and
scanning speed) on the thermal gradient and solidification velocity inferred from thermal simulations, on
the hot tearing sensitivity. This led us to an understanding of the required (G, ») and therefore the required
laser power and speed to decrease the cracking susceptibility and propose improvements to process the 6061
alloy using L-PBF.

. the effect of solute content modification on the cracking sensitivity. This can be further used as
guidelines to suggest chemical composition modification of the 6061 Al-alloy to improve its processability
by L-PBF.







Résumé

Dans cette thése, une analyse de la sensibilité a la fissuration a chaud en fonction (i) des parametres de
premier ordre (puissance, vitesse) du procédé de fusion laser sur lit de poudres (L-PBF : Laser Powder Bed
Fusion) et (i) de la variation de la teneur en soluté (Si et Mg principalement) est présentée pour l'alliage
d'aluminium a durcissement structural 6061 (Al-0.8Si-1.2Mg wt%). Le mécanisme de fissuration a chaud est
identifié comme une fissuration par solidification sur la base d'observations expérimentales des
microstructures. En accord avec des travaux antérieurs publiés sur d’autres familles d’alliages, les fissures se
propagent aux joints de grains de fortes désorientations et sont préférentiellement situées au centre des bains
de fusion. En utilisant le critére de Rappaz-Drezet-Gremaud (RDG criterion) combiné a des simulations
thermiques utilisant le formalisme de Rosenthal, la localisation des fissures correspond aux régions des bains
de fusion ou la sollicitation mécanique intergranulaire est la plus élevée lors de la solidification. Des cartes
de sensibilité a la fissuration a chaud sont ensuite développées pour prédire de manicre simple les variations
de sensibilité a la fissuration a chaud en fonction des parametres du procédé de premier ordre, a savoir la
puissance laser et la vitesse de balayage ainsi que des conditions de préchauffage. Les tendances prédites
sont qualitativement en accord avec les observations expérimentales. Les résultats permettent de discuter de
l'impact des conditions d’élaboration sur la réduction de la fissuration a chaud et également d’identifier les

parameétres métallurgiques clés de ce mécanisme de fissuration.
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Introduction

Context

The present work focuses on the research done as a part of doctoral research in the framework of the
FAMERGIE project (Fabrication Additive for Energy). The work was carried out in collaboration between
two labs namely, L3M (Laboratory of Materials research and materials modeling), CEA Grenoble, and
SIMAP laboratory of Grenoble University Alps.

Out of the four metallic alloys studied in the Framework of FAMERGIE, the work carried out under this
study focusses on Aluminum 6061 alloy (Al-0.8Si-1.2Mg). This structural alloy has applications in heat
exchangers and structural aerospace. Currently, it is not considered a favorable candidate for additive
manufacturing due to its high cracking sensitivity. The 6061 alloy has better mechanical properties up to
temperatures 200°C in comparison to other casting Al alloys like AlSi7Mg, AlSi10Mg which are easily
tabricated. The work reported in this thesis deals with 6061 alloy processed by laser powder bed fusion (L-
PBF), a technique used for rapid prototyping.

The study of hot cracking at a microstructural level and its sensitivity to L-PBF processing and chemical
composition modification has been discussed in this report. Finally, the work aims to understand the cause

of cracking associated with the 6061 Al-alloy and ultimately propose a way to minimize or eliminate it.

Laser powder bed fusion (L-PBF)

/

J

N

AN

Nickel alloys Aluminum alloys Copper alloys Iron- Alloys
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1. Introduction

Traditional manufacturing techniques for aerospace and automotive components involve time input and are
restricted in terms of design complexities. They involve post-manufacturing heat treatments to obtain the
desired properties. Components that require a high level of precision need a machining step and this can
induce defects that are detrimental to mechanical properties. Apart from manufacturing less complex shapes,

they are also susceptible to wastage of material.

To improve the ongoing traditional manufacturing, additive manufacturing can be considered a vital option.
It is a technique that involves rapid fabrication of the parts through layer by layer deposition of the material.
It involves the fabrication of complex shapes designed with computer-aided software, which is then
decomposed in layers for the machine to print successively. This is the reason additive manufacturing is also

referred to as 3D printing.

1.1. Laser powder bed fusion (L-PBF)

Most of the metallurgical alloy developments are driven by the technological needs of industries for a specific
application. Various processes for manufacturing safety-critical parts have proliferated in recent years, one
of them being metal additive manufacturing (AM), also referred to as 3D printing. Amongst the AM
processes listed in ASTM F2792—12a [8], laser powder bed fusion (L-PBF) deals with selective laser melting

of the metal powder, layer-by-layer, to achieve the desired complex parts, as shown in Figure 1-1a).

L-PBF involves powder bed fusion using a laser beam, which melts the powder in a specific location. That
is why previously it was also known as ‘selective laser melting (SLM)’. Once the layer of powder is melted,
the build piston on which the powder was lying, lowers down for the next powder layer to be deposited.
This results in a deposition of fresh unfused powder on the build chamber, which is again fused by the laser.
These steps are repeated consequently until the final 3-dimensional part is created (which is designed using
the CAD software’s, as shown in Figure 1-1b)). This process of layer-wise deposition of powder and its

simultaneous fusion using the laser is thus termed as laser powder bed fusion (L-PBF).
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Figure 1-1 a) Principle of laser powder bed fusion (L-PBF), adapted from [9] b) Steps involved in L-PBF
fabrication, adapted from [10].

L-PBF fabrication process mainly consists of the parameters shown in Figure 1-2a). Depending on the L-
PBF machine, laser parameters are controlled by its laser power and the spot size (area of exposition).
Similarly during the scanning, the speed with which the laser melts the layer (i.e. the laser scan speed) can
also be controlled. Out of the ones listed in Figure 1-2a), laser power (P), laser speed (%), hatch spacing
between two successive scans (as shown in Figure 1-2b)) and the layer thickness are the most important
process parameters for the L-PBF. Depending on these parameters the solidification can be affected. There
are also parameters related to the powder feedstock used in the L-PBF. Usually, the size distribution, the
morphology, and the flowability of the powder play a key role. In general two types of powder size
distribution are used in L-PBF, 10-45um, and 20-63pm [1]. Similarly, a good flowability of the powder along

with a better aspect ratio of the powder particles is needed to achieve a dense final part.
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Figure 1-2 a) Process parameters for L-PBF process and b) schematic of a scan strategy depicting the hatch
spacing, adapted from [1]

1.2. Aluminum alloys in L-PBF

L-PBF has emerged rapidly into sectors such as aerospace, where a high strength-to-weight ratio and defect-
free parts are key requirements. Therefore, for lightweight applications, the use of structural Aluminum (Al)
alloys has the potential to be exploited using L-PBF.

Aluminum (Al) exists in FCC (face-centered cubic) crystal structure, having a lattice parameter of ~0.4nm
[11]. Compared to other metals like steel, nickel-based alloys, Aluminum has a lower density. It also
possesses higher corrosion resistance with good thermal and electrical conductivity. With such properties,
Aluminum is frequently used in industries dedicated to automobiles, acrospace, naval-based industries, etc.
However, pure Aluminum lacks mechanical strength. Several alloying elements are frequently added to the
pure Al to form precipitates and phases which give strengthening to the material. Depending on the solute
elements added to the Al, several alloys are classified into two major categories (casting and wrought), as

shown in Figure 1-3. The typical numbering system consists of four digits. The first digit in the alloy
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numbering system denotes the alloy series (ranging from 1-8), the second digit refers to the purity or version
number of the modifications to the original composition, the third and fourth digits are to identify specific
alloys. Moreover, the classification into different series relies on the addition of specific solute elements (Si,

Cu, Fe, Mg, Zn, Mn), and based on their heat treatability as shown in Figure 1-3.

Form Designation Alloy constituent and heat treatment Properties
Low solidification shrinkage, good fluidity, good
Cast Special Si -+ @ HT weldability, & high corrosion & wear resistance
fxx NO Excellent corrosion resistance & workability
o + . i High thermal & electrical conductivity

. High strength & toughness
2
o Cu + @ @_‘ HE. Low corrosion resistance - unweldable
3xxx Mn -+ @ @ NO Moderate strength & good workability
T+ +EE
Wrought
- Sixx Mg + NO Moderate to high strength, good weldability and
= corrosion resistance
s A + ° a Mn HT High formability & weldability, excellent
corrosion resistance, moderately high strength
7xxx Zn-Mg |=j= @ e HT Very high strength, excellent fatigue resistance —
highest ageing potential

'+ 8xxx Otherwise: S, Ni, Si, Fe, Li NO Depending on the alloying element used

CLTTTT

o
Pl
a
-
—

i)
z2

Figure 1-3 Classification of Al-alloys based on the alloying elements, adapted from [12][1].

Of the different series listed in Figure 1-3, the 6XXX and 7XXX series have better mechanical properties
compared to casting alloys (AlSi10Mg and AlSi12). During the casting process, to refine the microstructures,
chemical modifiers are usually added. On the other hand, due to the high cooling rate (~10°K/s) associated
with the L-PBF process, refined microstructures can be directly obtained. Thus, with L-PBF processing of
Al alloys, it is possible to achieve complex parts having fine microstructures, which can complement the
high strength to weight ratio of the Al-alloys. The most easily manufactured aluminum alloys using L-PBF
are the AlSi10Mg and AlSi7Mg alloys [1,2,13—15]. These alloys were originally developed for casting
applications due to their near eutectic silicon composition. However, as already mentioned, their mechanical
properties are inferior to the structural alloys from the 6XXX and 7XXX series [1,11,14,16]. One of the
wrought alloys from the 6XXX series is the heat treatable 6061 Al-alloy composed mainly of Si and Mg as
their main alloying elements. The 6061 grade can be used in various sectors such as the automotive or
aeronautic industries using conventional manufacturing techniques, due to its high thermal conductivity [17],
good corrosion resistance, and high yield strength after a T6-heat treatment [16]. However, welding of the

6061-grade still remains a challenge due to its cracking susceptibility during rapid solidification [18-20].
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Similarly, under typical high cooling rate conditions of the L-PBF process, the 6061 Al-alloy is frequently
reported to be crack-sensitive [2—4,21]. As mentioned previously, the refinement of microstructure under
L-PBF conditions compared to casting is due to its solidification with high cooling rates occurring in a small
region. From a macro scale of the L-PBF process as shown in Figure 1-4a), the molten region or the melt
pools (where the solid gets melted) are formed on a micro-scale (see the red region of Figure 1-4b)). Owing
to the dendritic morphology (Figure 1-4b)), the resultant as-built columnar microstructure of the
structural Al-alloy (6XXX and 7XXX series), is frequently reported to be cracking, as shown in
Figure 1-4c) [2-4,21].

c) Columnar Grains

Il
—ra

Macro level

CRACKS

micron level
* Structural Aluminum alloys.

Sub micron level
—>

Figure 1-4 a) Schematic of L-PBF process. b) Typical length scale in which solidification happens and different
modes of solid-liquid modes. ¢) Typical as-built microstructure of an alloy from 6XXX fabricated by L-PBF,
adapted from [4].

1.3. Thesis aim and methodology

The cracking mechanism affecting structural aluminum alloys is well documented for casting and welding
but not as much for additive manufacturing. According to the literature [22,23], hot cracks develop from a
mechanism of either solidification cracking (occurring at the last stages of solidification) or liquation cracking
(during remelting). While the hot cracking mechanism in welding literature of 6061 grade has been identified

as liquation cracking [18,24,25], it is not obvious that this must be the case for laser powder bed fusion.
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Moreover, Mauduit ez al. [26] also reported the evaporation of Mg and Zn to cause a change in composition
and thus increasing the cracking sensitivity. For example, hot cracking in laser powder bed fusion applied to
other kinds of alloys such as nickel-based superalloys [27] is identified as solidification cracking. Thus, the
mechanism of cracking in 6061 Al-alloy when fabricated by L-PBF is still unknown. A possible route to
guide the alloy design strategy of Al-alloys dedicated to AM is to improve our understanding of the

mechanism causing cracks.

Here, the objective of this thesis is to provide new insights into the hot cracking mechanism affecting the
6061 Al-alloy processed by L-PBF with experiments and modeling, as illustrated in Figure 1-5. One of the
objectives is to resolve the ambiguity about the governing mechanism occurring in the 6061 Al-alloy. This
allowed us to investigate the effect of (i) the processing conditions typically encountered in L-PBF, and, (ii)
of alloying additions of major elements such as Si and Mg, on the cracking sensitivity. These results should
enhance our knowledge about the cracking mechanism affecting the 6061 grade manufactured by L-PBF

and help us to suggest guidelines regarding processing conditions and possible chemical composition

Understanding cracking

L-PBF Process

, Experimental

modifications to improve its manufacturability.
Optimisation
i

Simulation
R Z
L— y

Thermal Gradients
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Characterization
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Figure 1-5 Schematic of the thesis methodology in understanding the cracking in 6061 Al-alloy fabricated during
L-PBF.
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Methodology:

In this thesis, we investigate by experiments and modeling the hot cracking mechanism of 6061 Al-alloy
fabricated by L-PBF and its sensitivity to the processing and compositional changes. First, we optimize the
processing parameters based on the stable melting parameters. Second, we characterize experimentally the
cracking mechanism and the location of cracks relative to the melt pool geometry. The experimental
observations are then rationalized with the help of modeling. Using the melt pool temperature field predicted
by Rosenthal simulations [28], hot cracking sensitivity maps are generated using the hot cracking model of
Rappaz, Drezet, and Gremaud [7]. The results allow the hot cracking sensitivity to be mapped as a function
of the processing parameters. A qualitative comparison is made between experimental observations and
predictions. Finally, the potential role of metallurgical parameters on the hot cracking sensitivity is discussed.
The detailed microstructural study of cracking, the as-built microstructure along with the modeling

approach, allowed us to identify:

e The cracking mechanism operating under L-PBF conditions.

e The cracking pattern and its sensitivity to L-PBF processing conditions.

e Role of solute elements present in the 6061 Al-alloy.

e A cracking sensitive criterion for 6061 Al-alloy during L-PBF, based on the Rappaz, Drezet, and
Gremaud [7] model.

e The effect of chemical composition modification on the cracking sensitivity.

e Metallurgical parameters playing a major role in depicting cracking.

Studying the cracking mechanism and its sensitivity in detail, allowed us to provide guidelines in reducing
cracking in 6061 Al-alloy fabricated by L-PBF.

1.4. Thesis Structure

To give an overview of the thesis structure, a schematic of the thesis is presented in Figure 1-6. The thesis

chapter’s mutual link and the basic feedback loop is highlighted.
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Figure 1-6 Overview of the thesis chapters and their mutual link.

1. To give a comprehensive understanding of the thesis, the introduction i.e. the present chapter briefly

describes the problem, the objective, and the methodology used in the present study. The

introduction also gives an overview of the thesis’s upcoming chapters and their inter-connections.

2. The second chapter, host the literature review of the Al-alloys tested in L-PBF and their frequent

defects encountered. The chapter provides a systematic review of the identified cracking mechanism

in the 6061 Al-alloy. Basic alloy metallurgy including the microstructure and the phases reported in

the literature are also highlighted. Various cracking mitigation strategies employed in welding and -

PBF literature are presented to get an understanding of the existing solutions. Moreover, different

hot cracking criteria existing in the literature are also described.

3. The third chapter details the 6061 Al-alloy powders used in the present study. Powder characteristics

like chemical composition, size distribution, morpho-granulometry, flowability, etc. are presented.

4. Chapter 4 reports the results obtained through the course of experimental studies. Results

comprising of the processing parameter optimization and observation of cracking with respect to

the microstructure are reported. Experimental evidence of the cracking mechanism and its pattern

with respect to the processing conditions is analyzed. Detailed microstructural studies of the as-built

6061 Al-alloy samples are done.

10
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5. Chapter 5 is established on the cracking mechanism and cracking pattern identified in chapter 4.
With the experimental inputs from chapter 4 and its combination with the hot cracking criterion
(Rappaz, Drezet, and Gremaud [7]), a cracking parameter is established. Similarly, cracking location
with respect to microstructure is also rationalized, with the results obtained through the modeling

approach reported in this chapter.

6. Chapter 6 uses the cracking criterion established in chapter 5, as feedback to analyze the sensitivity
to L-PBF processing conditions. Hot cracking sensitivity (HCS) maps are developed for the 6061
Al-alloy under L-PBF conditions. Processing conditions less sensitive to cracking are predicted and
qualitatively compared with the experimental results reported in chapter 4. Various metallurgical
parameters, which can be detrimental to cracking are identified and their sensitivity analysis is

presented in this chapter.

7. Chapter 7 hosts the last aspect of the thesis, which is predicting the effect of solute content
modification on the cracking sensitivity, based on the criterion developed in chapter 5. Solute
elements comprising the standard 6061 alloy composition are analyzed for their beneficial or
detrimental effect on the cracking sensitivity. Using the cracking sensitive criterion of chapter 5,
compositions less sensitive to cracking under L-PBF conditions are identified. Similarly, the
beneficial role of nucleating agents in suppressing cracking in 6061 Al-alloy is also discussed. The
chapter can be considered as a crude methodology for designing alloys less prone to cracking during
L-PBF.

8. Finally, the last chapter concludes the thesis and identifies the new advancement brought to the field.
It includes perspectives for future research efforts and identifies the aspects which need to be

considered to fabricate crack-free structural Al-alloys during L-PBF.

11
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2. Literature review

I n this chapter, a review of Al-alloys tested in I-PBF is

presented. Different types of defects and their causes are
discussed. The fundamental reasoning for the cracking issues
tdentified in Al-alloys is reported and various remedies existing
in literature are consolidated. A review of different hot cracking
criteria is also presented to give the reader an overview of the

existing techniques to assess the cracking sensitivity.
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2.1. Aluminum Alloys fabricated in L-PBF

This section will cover the different Al-alloys tested in L-PBF. The typical microstructures encountered

during the fabrication process and ease of processing are discussed.
2.1.1. Review of Al alloys tested in L-PBF

e Al-Si alloys

Al-Si alloys are used in the casting industry due to their ease of processing. This is the family of alloys that
was the first to attract attention in the additive manufacturing industry. Depending on the silicon content,
the alloy family can be divided into three categories. As shown in the Al-Si phase diagram in Figure 2-1a),
there is an eutectic point at 12.2 wt% Si. Thus, hypoeutectic, eutectic, and hypereutectic compositions can
be present [29]. Among the hypoeutectic alloys, the AlISi10Mg alloy is by far the most studied in L-PBF
[13,14,30-32]. According to several reports [13,14,30—-32], these alloys are easy to fabricate and there is no

evidence of cracking reported, as shown in Figure 2-1b)-f).
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Figure 2-1 a) Al-Si binary phase diagram. b) Building direction EBSD map of the as-built AlSi10Mg alloy. c),
d)&f) High magnification microstructure images and e¢) EDX mapping with Al in blue and Si in red, adapted from

[1].
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As shown in Figure 2-1c)-d), due to the fine cellular dendritic microstructure the mechanical properties in
as-built samples can be elevated compared to the fabrication by casting process [13]. The EBSD image of
Figure 2-1b) indicates the fine columnar grains with ~20um width. Moreover, due to the absence of cracks
and the fine microstructure, dense parts of ~99% relative density can be obtained. A typical feature of the
Al-Si alloys fabricated by L-PBF is the ability of Si to distribute itself in the cellular dendritic region. This is
also observed for the AlSi12 alloys fabricated by L-PBF since Si is readily rejected into the liquid. According
to the phase diagram of Figure 2-1a), the solubility of Si in Al decreases as the solidification progresses,
however during rapid solidification of the L-PBF process, supersaturation of Si content in as-built L-PBF

samples is usually observed.

e 2XXX alloys

It is known in welding literature that 2xxx Al-alloys (2219, 2014, 2024) are crack sensitive alloys [33]. Zhang
et al. [34] investigated the I-PBF fabrication of 2024 alloy (Al-Cu-Mg). 10x10x10 mm’ cubes of 2024 alloy
were fabricated using L-PBF and reported evidence of cracking in line with the welding literature. The
relative density obtained was around 99.8% post-fabrication. They also showed that the post-fabrication

relative density of >99.5% can be obtained by increasing the laser energy input during the fabrication.
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Figure 2-2 Optical microstructure of 2024 Al-alloy fabricated via L-PBF a) vertical section/building direction, b)
zoomed image of a, ¢) horizontal section, d) magnified image of figure c) [34]

Figure 2-2 shows the typical L-PBF microstructure for the as-built 2024Al-alloy. Figure 2-2a) shows the
vertical section microstructure showing the build direction and the traces of the melt pool. Figure 2-2b)

shows a high magnification image demonstrating the epitaxial growth along the build direction. Figure 2-2c)
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shows the horizontal section microstructure revealing the alternative laser scans in x and y-directions. Figure
2-2d) shows the cellular microstructure, which is very fine, separated by a columnar region in the boundary.
Similarly, Karg ez al. [35] fabricated 2xxx series Al-alloys in L-PBF. Following are few highlights from their

work:
- A relative density >99.5% can be achieved.
- A small processing parameter window for 2xxx alloys compared to Al-Si alloys.

- Mechanical anisotropy from the anisotropic microstructure (along the building direction and the transverse

direction) was mainly observed.

e 7XXX series

Reschetnik ez a/. [36] made a study on 7075 alloy (5.1Zn-2.1Mg-1.2Cu) wt% when fabricated via L.-PBF. The
7075 Al-alloy consists of Zn, Cu and Mg as its principal alloying elements. Similar anisotropy of mechanical
properties was observed in 7075 alloy as in the case of 2xxx alloys. The fracture toughness tests yielded poor
results due to the presence of microcracks in the building direction as shown in Figure 2-3. Higher relative
densities (>98%) were obtained for this alloy but microcracks were still degrading the mechanical properties
[36]. Similar to the 6061 Al-alloy, the 7075 Al-alloy also demonstrated severe cracking in the as-built samples.

According to Reschetnik e# a/. [30], the observed cracks in 7075 Al-alloy and attributed it to cracking due to
liquid films. A similar conclusion was made by Stopyra e a/. [37], in which they reported the cause of cracking
due to the liquid films being able to persist down to lower temperatures. They reported the presence of
elements like Zn/Cu/Mg to cause the formation of non-equilibrium eutectics at the grain boundaties, which
play a major role in causing cracking in 7075 Al-alloys. Moreover, they also pointed out to lower the silicon

content in the alloy, since silicon is known to stabilize the liquid films by lowering the solid-liquid interface
energy [37].

Figure 2-3 Cracking observed in the as-built 7075 samples along the building direction, adapted from [30].
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2.1 Aluminum Alloys fabricated in 1.-PBF

e Al-alloys (comparison)

Table 2-1 shows the list of Al-alloys tested in L-PBF and their cracking tendency. Alloys are classified based
on highly sensitive (HS), moderately sensitive (MS), and not sensitive (NS) to cracking. Similarly, the
obtained build relative density is also classified in a similar manner, where obtained densities >99% are
marked as (+) in Table 2-1. According to this classification, it turns out that alloys from the 2XXX series
(2219, 2024, 2022), 6061, and 7075 alloys are highly sensitive to cracking. Whereas, alloys from 1XXX,
4XXX, and 8XXX series are easily fabricated in L.-PBF as a result of the absence of cracking.

Table 2-1 Review of Al-alloys tested in L-PBF for hot cracking sensitivity/build density [38].

Series Alloy Hot cracking Relative Density References
sensitivity +: >990/,
NS: not

- 0: 97%-99%
sensitive
-: <97%
MS: moderately
NR: not reported

HS: highly
sensitive
1xxx Al NS NR [39]35,40]

2xxx AlCu2 MS NR
AlCu5 MS NR
AlCu6.8 NS NR
AlCull.8 NS NR

AlCu5Mg (2022) HS +

AlCu4Mgl (2024) HS +

AlCu6Mn (2219) HS +

AlCuMg MS +
AlCu2Mg1.5Ni NS NR

18



Chapter 2. Literature review

(2618)
4xxx AISi7Mg0.3 (A356) NS + [41-46][11,47-50]
AISi7Mg0.6 (A357) NS +
AlSi20Fe5Cu3Mgl NS
AlSi20 NS +
AlSi12 NS +
AISi50 NS NR
AlSi10Mg NS +
AlSi12Mg NS +
AISiNi NS +
5xxx AIMg5.7 NS NR [39,51-54]
AlMg6 NS NR
AlMgScZr NS +
(Scalmalloy®)
6xxx 6061 HS - [2—4,55,56]
7XXX AlZn5 MS NR [5,40,57]
AlZn2 MS NR
AlZn10 MS NR
AlZnMgCu NR
AlZn5.5MgCu HS 0
(7075)
8xxx AlFe8.5V1.3Si1.7 NS + [58-60]

(8009)
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Compared to the Al-Si alloys, the 2XXX series and the 7XXX series, the 6061 Al-alloys have better
mechanical properties. As shown in Table 2-2, mechanical properties (YS: yield strength, UTS: ultimate
tensile strength, Vickers hardness and elongation %) of some of the alloys tested in L-PBF conditions are
mentioned. The 6061 Al-alloy (Al-0.85i-1.2Mg) has a high yield strength of 290 MPa after the T6 heat
treatment [3]. On the contrary, the casting alloys (AISi10Mg) and other alloys from the 2XXX series show
comparatively lower mechanical properties. Despite the good mechanical properties of 6xxx alloy, their

processing through L-PBF is quite difficult, due to the cracking issues as reported by refs. [2—4,21].

Table 2-2 Compatison of mechanical properties of some of the Al-alloys tested in L-PBF.

Alloys UTS (MPa) YS (MPa) Average hardness | Elongation (%)
(HV)
Wrought-6061-T6[3] 310 276 95 12
6061 (as-built)[61] 290-396 196-246 54-84 11-15
6061 (L-PBF + T6) [3] 318 290 119 3.5-5.4
AlSi10Mg (as-built) 333 268 110 1.4
AlISi10Mg (T6) [61][35] 280 220 116 3.9
2219 (as-built L-PBF) 240 120 94 .
2219 (L-PBF + T6) [62] 275 150 147
7075 (as-built) [1,36] 42-203 - 160 0.5
7075 (T6) [1,36] 45-206 - 170 0.2-0.5

2.1.2. 6061 Al-alloys

Fulcher ¢# al. [2] and Maamoun ¢7 al. [61] reviewed the feasibility of 6xxx family alloys and mainly the 6061
(Al-0.8Si-1.2Mg) by L-PBF fabrication. The as-fabricated optical images shown in Figure 2-4 indicate that
the base alloy 6061 consists of porosity defects and cracks that are detrimental to mechanical properties.
The 6061 Al-alloy show similar behavior of cracking as observed in welding literature. According to
Maamoun e al. [61], the cracks were oriented along the building direction and the microstructure had a lot
of porosities. Moreover, the microstructure did not possess any Si enriched interdendritic regions, as seen

in the Al-Si alloys. On the contrary, nano-sized Si particles were found to be precipitated on the Al-matrix
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grain boundaries [61]. In general, the 6XXX family of alloys has problems due to poor fabrication
microstructures. The major reason for this according to Fulcher e a/. [2] is probably due to the presence of
an oxide layer between the layers that generate these cracks. This leads to a relatively low density of only

96% for as-fabricated samples.

Figure 2-4 a)-b) Showing the as-built microstructure of 6061 Al-alloy along the building direction (non-etched).
¢)-d) Etched microstructure showing the location of cracks and porosities with respect to the melt pool
boundaries [2][61].

According to Maamoun ¢ al. [61], the occurrence of cracks in the as-built 6061 samples was due to the high
solidification shrinkage (density of solid is significantly greater than the liquid) and high thermal contraction
in the partially melted regions of the melt pools. For Aluminum, the solidification shrinkage is ~6.6% [63].

Table 2-3 shows the studied alloys in L-PBF from the 6XXX series. In all the reviewed articles, the as-built
sample showed cracks throughout the sample and possessed porosities. Few reported presence of oxides
film, this was mainly due to the presence of oxygen in the fabrication chamber. Some even reported the
evaporation of Mg, since it is a volatile element. In the reviewed literature on the 6xxx series, the maximum

relative density obtained for the as-built samples was always <98%.
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Table 2-3 Review on as-built 6061 Al-alloy (L-PBF fabricated)

Alloy tested L-PBF sample Observation/Conclusion | References
6061 _ No information on | [64]
fabrication quality, only
thermal study.
6061 Cubes 10 mm’ Oxide film formation, [29]
problems concerning Mg
evaporation, and low
relative density
6061 14x14x10 mm’ The maximum density | [65]

6061 + 6%Cu
6061 + 30%Cu

6061 Cubes 10 mm?>

2.1.3. Metallurgy of 6061 Al-alloy

The major alloying elements present in the 6xxx series of Al alloys are Mg and Si. This family is from the

class of wrought Al alloys that are typically extruded and rolled to get the desired properties. Since it is a
precipitation-hardened alloy, the strength comes mainly from the Mg»Si phase (8 and §). However, these
Mg>Si phases occur only after the conventional heat treatments, like T6 (solution heat treatment and artificial
ageing) for the case of 6061 Al-alloy [66]. The ratio of Mg to Si should be around 1.7-2 for the formation of

the Mg>Si phase [66]. Table 2-4 shows the alloying elements content in 6061 alloy as per norms mentioned

in ASTM B308.
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Table 2-4 Standard composition of 6061 Al-alloy [67].

Al Si Mg | Fe Cu |Cr Ti Mn |Zn
Standard Bal. 0.4- 0.8- <0.2 0.15- | 0.04- <0.15 | <0.15 | <0.25
7] 08 |12 04 |0.35

Al alloys are ductile but alloying elements are often added to them to increase their strength, corrosion

resistance, conductivity, etc. In terms of the effect of Si on Al alloys, it enhances strength and formability

but might be detrimental for intergranular corrosion. Whereas Mg increases corrosion resistance but

decreases the formability properties of the alloy. Trace element like Fe (Iron) forms coarser phases with Al

in the form of FeAls, FeAls which are detrimental to the ductility and the toughness of the alloy. Similarly,

in combination with Si, the frequently reported intermetallics in casting literature are a-AlsFe2Si, a- Alis(Fe,

Mn)3Siz, and B-AloFexSiz [68]. To counteract the Fe effect, Cr and Mn are added as a corrector of size and

shape for the Fe containing phases with Al. Table 2-5, summarizes the role of solute elements in 6xxx al-

alloys.

Table 2-5 Summary of the role of solute elements in 6xxx Al-alloys [66][12]

Trace elements Concentrations Role of solute elements
(wt%)
Cu/Mg/Si 0.4-1.2 Strengthening solutes.
Fe 0.1-1 Formation of AlsFe and AlFeSi second phase compounds,
leading to a decrease in fracture toughness properties.
Ti, V, Cr 0.001-0.05 Leads to grain refinement and delay in initiation of
recrystallization during deformation.
Mn - For corrosion resistance and as a shape corrector for Fe
bearing phases.
Co/Fe - Improvement of machinability

The most important aspect during the solidification of an alloy system is to check the byproducts i.c. the

precipitation of which phases occur. 6061 alloy is an age-hardening alloy with the most common heat

treatment used as T6 (solution heat-treated at 528°C and then artificially aged-160°C) to improve its overall

mechanical properties. When the alloy is quenched to room temperature after solutionizing, SSS
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(supersaturated solid solution) is formed and further room temperature aging results in the formation of
metastable coherent phases known as Guiner Preston (GP) zones. It is this phase along with §” and §’
(Mg2Si), which result in overall precipitation hardening of the alloy since they create a coherency strain

tield around itself which interacts with the dislocations. Below is the precipitation formation sequence in
the 6061 alloy [66]:

SSS — GP zones — 8” — hexagonal 8> Mg,Si — FCC 8 (Mg:Si)

e Typical precipitates in 6061 Al-alloy (Casting)

The 6061-alloy is a precipitation hardened alloy, due to the formation of Mg>Si phases after the ageing

process. The Mg»Si phase gives the alloy better workability and mechanical properties. However, during
the solidification of the alloy, several intermetallic/dispersoid phases can occur. According to ref [68],
during the casting process of 6061 Al-alloy, various intermetallic phases also co-exist in the microstructure.
To start with the typical microstructures observed in literature for the 6061 Al alloy during casting,
consider Figure 2-5. For example, the microstructure as shown in Figure 2-5a)-c) shows several
intergranular intermetallic phases which are present in the microstructure. These phases decorate the
equiaxed grain boundaries of the microstructure, indicating their occurrence during the last stage of

solidification.

As described in the literature, typically with Fe and Si content in the 6061 Al-alloy, the frequently reported
intermetallics in casting literature are: a-AlsFe2Si, a- Ali5(Fe,Mn)3Siz, and B-AloFexSiz [68]. Depending on
the composition of the alloy, the a-Fe containing phases can be formed primary from the liquid with a
polyhedral morphology (see Figure 2-5c¢)) [69]. When Fe content is <0.7 wt% in the alloy (case of 6061
Al-alloy), these intermetallic phases are formed at the end of solidification, as a result of eutectic
solidification, giving rise to the Chinese script morphology (see Figure 2-5c)). At the end of solidification,
the temperature is low enough for the phases to grow along the Al-dendrites in a eutectic manner, causing

the Chinese script morphology.

The a-AlgFexSi has a hexagonal crystalline structure, the a- Alis(Fe,Mn)3Siz is cubic and the 3-AloFesSiz
has a monoclinic crystalline structure. All of these phases are reported to decrease the ductility of the alloy,
however, the 3-AloFexSiz phase is considered to be more detrimental due to its needle shaped morphology.
In general, during high cooling rates, this B-AloFezSi2 phase formation is not obtained. The other Fe
containing a-phases depict a typical Chinese script morphology (if formed during last stage of
solidification) as reported frequently in literature [70,71], also as shown Figure 2-5b)-d). The TEM BF
image of Figure 2-5d) shows the Chinese script morphology of the intermetallic phases. The phase
mapping as shown in Figure 2-5e) confirms the formation of a- Ali5(Fe,Mn)3Siz phase during the last
stage of solidification (see the green region). Thus to summarize, depending on the composition of the
alloy and the cooling rate, various Fe containing impurity phases can co-exist in the 6061 casting

microstructure.
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Figure 2-5 a)-c) A typical microstructure of the 6061 Al-alloy during casting using spray forming, adapted from
ref. [68]. d)-¢) High resolution TEM bright-field image and its corresponding phase map, showing red zone as
Aluminum and green zone as the cubic a-Alis(Fe,Mn)sSiz phase, adapted from ref [68].

e Typical precipitates in 6061 Al-alloy (Laser beam welding)

During laser beam welding, the 6061 Al-alloy microstructures show some similarities with the inter-
granular precipitation observed during the casting. As seen in Figure 2-6a), the typical weld
microstructure is shown. The microstructure reported by Qiaoling e al. [72], was not reported to be
cracked due to the use of filler wire (4xxx series Al) containing high Silicon. Three zones can be identified
in the weld microstructure: the base metal (which is not welded), the fusion zone (intersection of base
metal and the fusion zone) and the weld center. In general, the columnar grains tend to grow in an epitaxial
manner on the base metal grains perpendicular to the fusion line, oriented towards the weld center, as seen

in Figure 2-6a).

Speaking in terms of precipitation, as reported by Qiaoling ez a/. [72], due to higher cooling rates with laser
beam welding, there is the formation of a-AlgFexSi phase at the expense of 3-AloFesSiz phase. A Chinese
script morphology of the Fe containing a-AlgFezSi is observed, as shown in Figure 2-6b). Thus, the

precipitates observed in laser beam welding consist only of Si, Mg2Si and a-AlgFe2Si phases [72]. These

are the precipitates, which are also observed in the constrained solidification studies done by Giraud ez a/.
[73] on the 6061 Al-alloy.
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Fusion line :

Figure 2-6 Typical microstructure of 6061 Al-alloy during laser beam welding, adapted from ref [72].

e Typical precipitates in 6061 Al-alloy (L-PBF)

According to Uddin e al. [3], the as-built microstructure of the 6061 Al-alloy possess many fine
homogeneously distributed non-coherent dispersoids (see Figure 2-7) without the presence of Chinese-
script morphology. The size range of these dispersoids ranged from ~200nm to 5um with an average
spacing between them ~1-3um. Based on the Energy dispersive X-ray analysis performed in SEM, Uddin
et al. |3] concluded that those dispersoids were majorly rich in Al-Si-O, since many of them were found to
contain oxygen around it. These dispersoids of Al-Si-O as claimed by Uddin ez @/ [3], are not the
strengthening precipitates that are usually observed in the tempered 6061 Al-alloy, since the measured
Vickers hardness of the as-built samples was low ~54HV, compared to the 119HV hardness obtained
after T6 heat treatment. This low hardness of the as-built 6061 Al-alloy suggests that the dispersoids
observed by Uddin ¢# 4/ [3] did not contribute to the strengthening in the as-built 6061 Al-alloy.

Figure 2-7 a) Optical microstructure of the as-built 6061 Al-alloy along the building ditection and b) Magnified

SEM image of the dispersoids.
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The following section will provide insights into the defects occurring in the Al-alloys during L.-PBF and

their causes will be reviewed.

2.2. Defects encountered in Aluminum alloys during L-PBF.

This section describes the defects that can occur due to the fabrication of Aluminum-based alloys in
different process parameter conditions of L-PBF. The key issues identified while fabricating Al-based
alloys in L-PBF are as follows:

Cracks

Porosities

High reflectivity of Aluminum

Evaporation of high volatile elements like Mg, Zn

EAE SR

Oxide film formation on the surface of powders

2.2.1. Cracks

Cracking is the most important defect observed in the as-built parts of Al-alloys. Although the origins of
cracking is well documented in welding literature, that is not the case for L-PBF of Al-alloys. Most of the
literature for the cracking in Al-alloys during I.-PBF was oriented towards mitigating cracking [4,74] and
it is very rare to find reports elucidating the mechanism of cracking occurring during L-PBF. Thus, details
about the origins of cracking in Al-alloys observed in the welding literature are consolidated in section
2.3.

2.2.2, Origin of porosities in Al-alloys.

In the process of part qualification, a lot of emphasis is placed on reducing the porosities in the as-built
samples. The objective is to achieve the final build part with the highest relative density. However,
according to Weingarten ef a/. [75], one of the causes of porosities in Al-alloys is due to their lower

absorptivity of the incident laser (wavelength corresponding to L-PBF process, ~1064nm).

Another perspective on the occurrence of porosities in the as-built Al-samples was laid by Aboulkhair ez
al. [30]. In their work, they identified two types of porosities. The first, as shown in Figure 2-8a), the
small circular pores (few microns in size) were identified as metallurgical pores. Their formation was due
to the moisture content on the precursor Al-powders, according to Weingarten ¢ al. [75]. Moreover, these
metallurgical pores can also form due to the entrapped hydrogen in the Al-alloys, and thus can be also
termed as ‘gas pores’. In addition, gas entrapping can also occur during the atomization of powders. This

is especially due to the ability of Al-alloy to entrap the hydrogen, according to Weingarten 7 al. [75]. As
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shown in Figure 2-8e¢), during laser scanning, the energy from the laser is transferred to the powder for
its melting. During this process, two solid-liquid interfaces are generated due to the solidification front
and melting front. In front of the melting pool, the new unmelted powder can be a source of Hydrogen.
When the solubility of Ho reaches its peak value in the melted liquid, H2 pores can occur inside the melt
pool, as shown in Figure 2-8¢). However, it must be also kept in mind that H, solubility can vary

significantly in solid and liquid- Aluminum.

Metallurgical pores Keyhole pores 1000 um
b T
B i;:..',hi\'..‘ ‘..
:5.- :'.‘,‘.__‘ ‘;'j’ 2-
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lL-scr beam an;er beam

Metal vapors, Liquid metal F 1: recgil pressure
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- front H
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Powder

Figure 2-8 a)Metallurgical pores and b)-d) keyhole pores in as-built AlSi10Mg samples [1]. €) Schematic of the
occurrence of metallurgical pores due to Hydrogen entrapment [75]. f) Schematic mechanism of keyhole melt

pool formation, adapted from [70]. g) Schematic mechanism of keyhole porosity formation, adapted from [77].

The second type of pores, as shown in Figure 2-8b)-d), are a bit elongated in shape and their size ranges
in a few hundreds of microns [30]. These elongated pores were observed throughout the sample surface,
for each layer. They were termed as ‘keyhole pores’ due to the specific keyhole mode of melting. According
to Qi et al. [76], two kinds of melting modes (keyhole and conduction) were observed during the L-PBF
of Al-alloys. These different types of melting modes occur due to differences in laser energy input and

have very specific melt pool shapes. For example, keyhole mode has a goblet shape of the melt pool
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(depth/width ratio of melt pool >1), whereas, for conduction mode, a hemispherical melt shape

(depth/width ratio of melt pool <1) is usually obsetved.

The mechanism of formation of keyhole melt pools as reported by Qi e al. [76], is majorly due to high
laser energy input. As shown in Figure 2-8f), due to high energy input there is vaporization of metal. This
causes the recoil pressure of metal vapors to be higher than the surface tension and the hydrostatic pressure
of the liquid metal, causing deep melt pools, or goblet-shaped keyhole melt pools as shown in Figure
2-8f). Due to this sufficient amount of laser energy, the metal vapor might get trapped inside the deep
melt pools, as observed by Chen ez /. [77] in their /n-situ keyhole porosity studies.

On the contrary, the conduction melt pools (semi-spherical shape) are formed due to purely thermal
conduction, since there is not sufficient laser energy to cause the metal vaporization. Thus in conduction

mode, the thermal gradients cause the initiation of liquid flow due to Marangoni forces [76].

Thus to summarize, keyhole pores were formed specifically for higher laser intensities, according to refs.
[76](77]. This is confirmed by the experimental studies of melting mode transition in L-PBF of 7050 Al-
alloys done by Qi ez al. [76]. They reported that keyhole melt pools are formed for lower scan speeds (<200
mm/s), whereas, for laser speeds >800 mm/s, a conduction mode of melting was observed, as shown in
Figure 2-9a)-h). Qi ¢z al. [76], also reported a significant grain refinement and reduction in crack density
by the formation of keyhole melt pools, as shown in Figure 2-9i)-1). However, keyhole pores were always

present in the microstructure, despite the reduction in cracking density.
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Increasing scanning speed
C ————— >

Keyhole mode ———> Transition mode ————> Conduction mode

Figure 2-9 a)-f) Effect of laser scanning speed on melting mode transition in 7050 Al-alloy during L-PBF. i)-j)
Typical microstructure in keyhole melting mode. k)-I) Microstructure in conduction melting mode, adapted
from [76].

2.2.3. High reflectivity of Aluminum

The reflectivity of Al-alloys can reach up to ~91% to the incident laser. Similarly, they have high thermal
conductivity (167W/m-K). This causes issues related to poor laser absorptivity resulting in improper
melting. As shown in Figure 2-10, the absorptivity curve as a function of laser wavelength for various
metals is shown. It is evident to point out that pure Al absorptivity is low compared to other metals like
Ni. Another issue with Al-alloys is their requirement for high amount of energy for melting (the latent
heat of fusion 378 kJ /kg), compared to 272 k] /kg (Fe) and 297 kJ /kg (Ni) [78]. The high reflectivity, high
thermal conductivity and the high latent heat of fusion of Al-alloys make it difficult to be processed during
L-PBF.
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Figure 2-10 Absorptivity of metals as a function of laser wavelength [79].

Thus to reach the melting of the Al-alloys, a high amount of energy is required. But once this melting
temperature is reached, the melting process proceeds quite rapidly [80]. With the high incident energy
density, many times the volatile elements like Mg/Zn present in the alloy tend to evaporate. This
evaporation of Mg/Zn is majotly due to their lower boiling points and higher equilibrium vapor pressures
compared to Al [37]. This evaporation can often lead to change in solute composition post fabrication,

which is often not desirable.

2.2.4. Oxide film formation.

Louvis ¢z al. [55] examined the densification behavior of AlSi10 alloy using low power laser 50-100W in L-
PBF. The maximum density achieved post-fabrication was around 89%. According to [55], the key reason
for this low density is due to the oxide layer in the fabricated samples due to the presence of oxygen in the
fabrication chamber. As shown in Figure 2-11 schematic, these oxide layers were observed on the top of
the solidified layers and the melt liquid surface. This oxide layer on the melt liquid surface resulted in the
creation of oxygen fumes during fabrication. Also, the oxide film formed on top of the solidified surface
from (n-1)* scan resulted in less interaction with the new layer from the n™ scan. Such trapped oxide

results in decrease density and is a possible cause of delamination for the fabricated part [55].

Louvis ez al. [55] suggested that, since oxide film formation cannot be avoided, the research must aim at
processes that can control its formation. Also breaking of these films can be a possible solution but it

should be controlled by varying the process parameters and the composition of the alloy used [55].
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Figure 2-11 Schematic of the mechanism of oxide film formation between layers of Al-alloys fabricated by L-
PBF, adapted from [55].

Apart from porosities and oxide film formation, the most important defect encountered in Al-alloys during
L-PBF is cracking. The upcoming section will be dedicated to the review of cracking mechanisms

occurring in 6061 Al-alloy.

2.3. Cracking mechanism (Review)

The section contains a review of the cracking mechanism reported for the 6061 Al-alloy. Various
metallurgical and mechanical factors affecting cracking in the alloy are discussed in this section. Thus this
section will cover the cracking mechanism reported for the 6061 Al-alloy in the well documented welding

literature.

However, to start with reviewing the cracking mechanism, basic solidification understanding is needed.
According to the literature [81], depending on the solidification parameters, namely the thermal gradients
(G) and the solidification velocity (»), different growth morphologies of the solid/liquid (s/1) interface are
possible. For example, by changing the processing conditions, from casting to welding/L-PBF, the
solidification parameters will change and so does the growth morphology (see Figure 2-12). Table 2-6
shows the change in solidification parameters based on the processing conditions. It is evident to notice
that, L-PBF process creates solidification conditions that have the highest cooling rates (G x #), compared
to welding and casting. According to Kou ez /. [81], both the parameters (G and v) are responsible to
depict the microstructural features of the material. For example, the product, i.e. the cooling rate (G x )

depicts the size of the microstructure and the fraction (G/») affects the morphology of the solidifying
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microstructure. Thus, the higher the cooling rate, the finer will be the microstructure, as in the case of L-
PBF process. And as shown in Figure 2-12, the morphologies of the s/1 interfaces can be affected by
varying the G/ ratio. For example, a high G/» ratio will lead to a planar solidification front, wheteas a low
G/v will result in equiaxed morphology. In the transition between these two extremities, cellular and
cellular dendritic morphologies are also possible, which is typically the case when columnar grains are

present in the microstructure.

Table 2-6 Solidification parameters for different processes.

Casting [82] Welding [83] L-PBF[12]
v(m/s) 0.001 0.001 0.001 0.1 0.1 10
G(K/m) 10 10° 10° 10° 10° 10°
Gx v (K/s) 0.01 10 100 10° 10° 10°
G/v (K.s/n?) 10° 107 10° 10° 107 107
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——Low cooling rate Gx v
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Figure 2-12 Different growth morphologies possible depending on the solidification parameters, adapted from
[81].

In the welding literature, cracking mechanisms are usually classified into two categories: (i) hot cracks and
(ii) solid-state cracks. Hot cracks form during solidification due to the presence of liquid films trapped

between dendrites associated with shrinkage and tensile strain in the mushy zone (a region where solid
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and liquid both co-exist). The typical fracture surface of hot cracks shows a dendritic morphology,
demonstrating the evidence of trapped liquid films. Solid-state cracking occurs without the presence of
liquid films, contrary to the previous mechanism. Several solid-state cracking mechanisms have been
reported in welding literature: strain-age cracking (often reported for Ni-based superalloys) and ductility
dip cracking. Out of the two, only ductility-dip cracking has been reported in aluminum alloys, caused due
to the formation of brittle intermetallics along the grain boundaries, which result in loss of ductility and
eventually cracking under high-stress conditions, see e.g. [84]. However, ductility dip cracking is quite
rarely reported in Al-alloy compared to hot cracking.

In the literature, hot cracking can further be classified as solidification cracking and liquation cracking.
Solidification cracking usually occurs in fusion zones of melt pools, whereas liquation cracking originates
in partially melted zones (PMZ) [18]. Thus, the upcoming sections will solely focus on understanding

these two mechanisms and their occurrence in the 6061 Al-alloy.

2.3.1. Solidification cracking

As the name suggests, solidification cracking occurs during the solidification process and is localized inside
the fusion zones. Solidification cracking occurs along the grain boundaries during the terminal stage of
solidification, i.e. when /5 (solid fraction) tend to 1 [81]. During the last stage of solidification, the tensile
stresses in the nearby grains increases, and as a result solidification cracks develop. The origin of these
tensile stresses is due to the thermal contraction and the solidification shrinkage. For example, the
solidifying metal tends to contract due to the solidification shrinkage. The surrounding metal that is already
solidified also tends to contract but comparatively less than the solidifying metal. This causes hindrance in
the contraction of the solidifying metal, which generates stresses. These stresses act on the weak zone of
the mushy region where a continuous liquid film exists. Thus, whenever a solidification crack occurs, the
fracture morphology usually reveals a dendritic morphology, since cracking occurs along the grain
boundary which hosts the continuous liquid films between the primary dendrites. Figure 2-13, shows the

evidence of cracking occurring in 6061 Al-alloy inside the fusion zone during welding.

Figure 2-13 Solidification cracking in gas metal arc weld of 6061 Al-alloy, adapted from [81]
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To understand the physics behind solidification cracking, Rappaz e /[85] introduced his understanding
of the hot cracking behavior. According to Rappaz ez /[85] in his coalescence theory, the solidification
happens in a sequence of events happening at the dendrite scale. For example, consider the dendrites
growing during the solidification, as shown in Figure 2-14. When the solid fraction is low enough (region
1), the morphology dendrites cause high permeability (the ability of the liquid to flow). Thus the
solidification shrinkage and the deformation can be easily compensated by the liquid flow since in this
region the neighboring dendrites are no longer in contact with each other. Further, the solid fraction
increases and reaches a coherency point (Tcoh), i.e. the dendrites start to be in contact with each other.
From the coherency point, the liquid film between the dendrites exists in the form of the continuous thin

liquid film. The thin liquid films continue to maintain their form until the dendrites start to coalescence.

The point at which dendrites start to coalesce, i.e. coalescence temperature (Tgc), is indicating that the

dendrites will be able to transmit the tensile strain and stresses. The region between the Tecoh to Tge (region
2 in Figure 2-14), contains fragile continuous liquid film, which cannot bear the tensile strain/stresses and
thus behaves as a brittle phase [85]. Thus any small opening in this region 2 will not be fed by liquid due
to low its permeability, and thus hot cracking is most possible in this region. Once the coalescence of
dendrites has occurred, the continuous liquid remains in the form of droplets and the remaining solid is

more resistant to the deformations (region 3 in Figure 2-14).
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Deformation. stress build-up No resistance to tensile stresses
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Figure 2-14 Schematic of events happening in the mushy zone during dendritic solidification of Al-alloys,
adapted from [85].

Giraud et al. [71] did constrain solidification studies (80 K/s) on the 6061 Al-alloy to identify the solid
fraction at which the alloy is sensitive to cracking. As shown in Figure 2-15a), the stress vs displacement
studies, allowed Giraud ez a/. [71] to quantify the ductility after peak (DaP) of the 6061 Al-alloy. This

allowed Giraud to estimate the ductility for various temperatures and link it to solid fraction of the alloy.
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As shown in Figure 2-15b), the DaP of the alloy is plotted as a function of solid fraction. A U-shaped
curve was identified, i.e. a ductile-brittle-ductile transition. The ductility of the alloy was found to reach a
minimum value for the solid fraction range of 0.94<f;<0.97. This indicates that, during the solidification
in that solid fraction range, the alloy possessed brittle behavior (0.94<fs<0.97). According to Giraud ez .
[71], outside this interval, the alloy is systematically ductile. For solid fractions greater than 0.97, the grains
are coalesced: the numerous solid-solid contacts oppose the formation and propagation of cracks. For
solid fractions less than 0.94, the liquid is present in large quantity for the cracks to be filled by flow of the
liquid. For the intermediate solid fractions (0.94</s<(0.97), the microstructure is weakened by the presence

of thin liquid films, and discontinuous to allow the liquid to flow, and an insufficient number of solid-

solid contacts.
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Figure 2-15 Constrained solidification studies on 6061 Al-alloy, adapted from [71]. a) Stress vs displacement

curve. b) Measured ductility (mm) as a function of solid fraction. ¢) & d) Reveal the fracture morphology for
f5=0.95 and f5=0.99, respectively. e) Variation of stress vs solid fraction for the 6061 Al-alloy.

This difference in the ductility behavior was examined by Giraud ez a/ [71] using the fracture surface
examination at two different solid fractions (see Figure 2-15c)-d)), namely £5=0.95 (within the brittle
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region) and f5=0.99 (within the ductile region), respectively. The fracture surface at f5=0.95 revealed
dendritic morphology, indicating evidence of trapped liquid films, whereas at fs=0.99 showed a ductile
fracture. Thus in the range of solid fraction from 0.94 to 0.97, the 6061 alloy is most sensitive to cracking,
according to Giraud ef a/. [71].

Moreover, the solid fraction value of 0.97 was experimentally identified to be the coalescence solid-fraction
of the 6061 Al-alloy by Giraud ez /. [71]. As shown in Figure 2-15¢), the stress vs solid fraction curve
shows a rapid increase after 5=0.97. For £5>0.97, the increase in stress is related to coalesced grains, and
for £s<0.97 the thin liquid films majorly govern the low stress levels. In addition, the stress increase is not
rapid for increasing solid fractions (below 0.97), since the dendrites are not yet coalescence, despite the
diminishing liquid film thickness. This value of coalescence solid fraction of 0.97 for the 6061 Al-alloy was
similar to the typical values reported for Al-alloys [86,87].

Thus depending on the understanding of the solidification cracking occurring in the last stage of
solidification due to the presence of intergranular continuous liquid films, several metallurgical factors

(few of many) affecting solidification cracking can be listed:

1. Solidification temperature range: Generally if the solidification temperature range (Toliqus tO
Tiiquidus) 15 large, larger will be the fragile region of the mushy zone. By varying the alloy composition,

this freezing temperature range can be varied.

2. Composition and the quantity of liquid film in the terminal stage of solidification: Since
solute elements present in the alloy can modify liquid film properties like net viscosity, the effective
permeability can be modified [81]. It is frequently reported in the literature that peak cracking
sensitivity occurs for a moderate amount of solute content [19,71][88]. For a higher amount of
solute, there is a sufficient amount of liquid to backfill the cracks, whereas a very low solute content
tends to not form grain boundary liquid films, and cracking will not occur [81]. In fact, depending

on the solute partition in the last stage of solidification, the behavior of liquid films will be affected.

3. The surface tension of the grain boundary liquid films: According to Kou ez a/. [81], the surface
tension of liquid plays a major role in depicting solidification cracking. Generally the higher the
surface tension, the larger will be the dihedral angle between the liquid and the grain boundary, as
shown in Figure 2-16. Thus lower surface tensions will result in better wetting of the continuous

liquid films on the grain boundaries, resulting in a highly cracking sensitive region.

4. Grain structure: Depending on the grain structure, whether columnar grains or equiaxed, cracking
sensitivity to solidification cracking is affected. Generally, columnar grains are more sensitive to

solidification cracking because they cannot sustain the tensile strains occurring during solidification.
5. Grain boundary misorientation: Higher cracking sensitivity is usually observed for high angle

grain boundaries (HAGB:s, typically >15°) [6,88,89]. The sensitivity of HAGBs to cracking can be
explained by the coalescence undercooling model of Rappaz e al. [6]. According to Rappaz ef 4.
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[6], the HAGBs will coalesce at a lower temperature compared to the low angle grain boundaries
(LAGBs, typically <15 °), and thus strains are higher.
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L S ; boundary liquid;
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grain boundary
J/liquid
j=—=——+——GB isolated grain
L S : boundary liquid;
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Figure 2-16 Schematic showing the effect of grain boundary liquid surface tension on solidification cracking,
adapted from [81].

2.3.2. Liquation cracking

Another type of cracking that also occurs in the presence of liquid films but in the partially melted zones
(PMZ) is called Liquation cracking. PMZ is the region near the fusion zones, as shown in Figure 2-17a).
Similar regions can exist in L-PBF, which are mostly the regions from previous layers that are remelted to
a certain extent. Liquation cracking occurs due to grain boundary liquation in the PMZ, as shown in Figure
2-17b) for the case of 6061 Al-alloys. This means grain boundaries in the PMZ can be cracking sensitive.
Several researchers in the welding literature have reported such an observation of liquation cracking for
the 6061 Al-alloys [18,24,25].

Since liquation cracking does not occur in the fusion zone or during the solidification process, the concept
of coalescence of dendrites will not explain its occurrence. The basic reason for liquation cracking in the
PMZ as explained by Kou ez a/. [81], is due to the pulling force created by the solidifying fusion zone, as
shown in the schematic of Figure 2-17c). When the solidifying metal contracts, it exerts a pulling force,
creating a tensile environment in the PMZ zone. The tensile atmosphere in the PMZ can be detrimental
if some grain boundaries contain liquid films. Most Al-alloy from the 6XXX series (including 6061 Al-
alloy) are susceptible to liquation cracking due to their wide PMZ caused by the large solidification
temperature range, high thermal conductivity, large solidification shrinkage (solid density higher than the
liquid), and large thermal contraction (high thermal expansion coefficient) [81].
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Figure 2-17 a) Gas-metal arc weld region of 6061 Al-alloy and b) shows the magnified regions. ¢) Schematic of

the liquation cracking mechanism in the PMZ. d) adapted from [81]

2.3.3. Summary

Based on the reviewed welding literature, the cracking mechanism reported for the 6061 Al-alloy is mostly

due to the presence of liquid films, i.e. classified as hot cracking. However, the reviewed welding literature

does not unanimously agree on any one cracking mechanism. There is still a debate for the cracking

mechanism encountered in 6061; whether it is liquation or solidification cracking. Without experimental

evidence, both may, a priori, operate in L-PBF according to the welding literature. There is still ambiguity.

Moreover, in the L-PBF literature, the actual mechanism that drives cracking in 6061 Al-alloy is also not

well reported. The mechanism describes a strong link to solidification and alloy metallurgical parameters,

namely: the solidification temperature range, role of solutes, etc. The following section will review different

cracking sensitivity criteria focused on solidification and liquation cracking.

2.4. Cracking sensitivity criteria

As seen in section 2.3, cracking occurs through various mechanisms. Depending on the location of cracks,

i.e in the fusion zone or partially melted zones, hot cracking can be distinguished. The section will review

different cracking sensitivity criteria reported in the literature during the solidification process of the alloy



2.4 Cracking sensitivity criteria

(focusing only on solidification and liquation cracking). Different cracking sensitivity models are reported
in the literature that predicts the sensitivity of an alloy to hot cracking. The most basic criterion relies on
the solidification temperature range or also commonly known as the freezing temperature range.
Moreover, other advanced criteria are also reviewed, which considers metallurgical and process
parameters. The idea is to review different numerical hot cracking criteria and select one of them to be

applied in the framework of AM.

Eskin ef al. [80] reviewed different cracking models and classified them based on the key parameters used.
For example, some criteria include stress-based models, strain-based models, and strain-rate based models.
Stress-based models rely on the fact that, if the stress in the mushy zone exceeds the strength of the semi-
solid, cracking will occur. Similarly, according to strain-based criteria, cracking will occur if the tensile
strains are enough to break the liquid in the grain boundaries. More recently, it was found that strain rate
is more important factor to cracking than strain. Coniglio & Cross [90], confirmed experimentally the

effect of critical strain rate on cracking to occur in the Al-alloy.

A thermomechanical criterion was proposed by Prokhorov [91], which was based on the rate of strain
localization by the decreasing temperature, i.e. de/dI. Later, Feurer [92] proposed his cracking critetion,
which was only based on liquid feeding in the mushy zone. Feurer [92] asserted that cracking will occur if
the volumetric shrinkage exceeds the volumetric liquid feeding. However, the model of Feurer [92] did

not consider the tensile deformation happening during the solidification.

In a more advanced form of Feurer’s empirical formula, Rappaz, Drezet & Gremaud (RDG) criterion [7]
considered both aspects of tensile deformation and liquid feeding, by taking into account the entire mushy
zone. In similar footsteps of RDG criterion, Kou [93] also proposed his hot cracking criterion recently.
However, the approach of Kou is a bit different, he concentrated on the events happening at the grain
boundary rather than considering the entire mushy zone, as in the case of RDG. Both of these criteria will
be detailed in the following sub-sections, including the basic criterion of the solidification temperature

range.

2.4.1. Solidification temperature range

Considering the alloy during the solidification, various information can be obtained from the liquid to
solid transformation. For example, the solidification path (f5(T)) and the freezing temperature range can
be studied. Figure 2-18 illustrates the solidification path of 6061 alloy with temperature as a function of
solid fraction, estimated by Martin ¢z a/. [4]. The solidification temperature range for the 6061 Al-alloy is
~132°C, compared to 30 °C for the AlSijoMg alloy. This indicates that 6061 Al-alloy will have wider

partially melted zone (PMZ) compared to the AlSijoMg, and thus has higher sensitivity to cracking.
Similarly, the solidification temperature range of 7075 Al-alloy is high ~175 °C. According to the literature

[19], the actual cracking sensitivity cannot be accurately estimated based on the solidification temperature
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range. Thus, just with the comparison of the freezing temperature range, determining the cracking
sensitivity of alloys can be misleading. There are various cracking sensitive criteria, which take into account
alloy metallurgical parameters, solidification process parameters, etc. This will be reviewed in the upcoming

section.
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Figure 2-18 Solidification path of 6061 Al-alloy in comparison with 7075 Al-alloy and AlSiicMg [4].

2.4.2. Sindu Kou criterion

Kou in his cracking sensitivity criterion [93] assumed the growth of dendrites in one direction, tensile
deformation happening in the direction perpendicular to the growth, and liquid feeding happening in the
direction opposite to the dendrite growth. The criterion focusses on the grain boundary liquid region,

where all the important events occur during solidification, namely:

e the separation of grains from each other due to the tensile deformation.
e the growth of grains towards each other.

e liquid feeding in the grain boundary region due to shrinkage and deformation.

The physical idea behind the Kou criterion is that cracking will occur if the net expansion of the
intergranular region exceeds the net volumetric flow of liquid into that region. Thus, based on these events
Kou [93] came up with his cracking index to predict the cracking sensitivity of an alloy based on the
absolute value of 4T/ d(fi"?) near fs=1, where T is temperature and £ is the fraction of solid. The index is
directly linked to the lateral growth of grains towards each other by restricting the intergranular cracking.
It also provides an understanding of the length of grain boundary liquid needed to be fed to avoid cracking.
Thus, the higher the 4T/ d(f") near =1, the higher will be the length of grain boundary liquid and so will
be the cracking sensitivity.
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As shown in Figure 2-19, the temperature vs fi'/? curves are plotted for two example alloys (one having
high steepness- 4T/ d(fs'”?) compared to the other). The Kou criterion says that the higher the steepness
(dT/d(f5'"?)) of the T vs fi'/? curve near fs=1, the higher will be the cracking sensitivity. Thus according to
the Kou criterion, the T vs £'/? curve in Figure 2-19a) has lower steepness compared to the T vs £/
curve in Figure 2-19b). Another implication of the criterion is that the T vs £'/? curves near 5=1 can
represent the shape of the columnar dendrites region in the grain boundary, as shown in Figure 2-19.
Thus with such an interpretation, the alloy curve in Figure 2-19b) will have a higher length of liquid
feeding region compared to the alloy in Figure 2-19a). This makes the alloy from Figure 2-19b) have
higher cracking sensitivity.
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Figure 2-19 a)-b) Schematic of temperature vs /2 curves for the example alloys, adapted from [19]. ¢)
Comparison of actual cracking sensitivity observed for different Al-alloys with the freezing temperature range

and with S. Kou cracking index (data adapted from [19]).

The region in which this steepness d17/d(fi'"?) is usually estimated is in the range of 0.87<f<0.94
(0.94<£52<0.97) according to Kou [93]. However, the choice of this range in which the steepness is
estimated is not clear and may vary depending on the Al-alloy system [93]. Despite the fact of this
uncertainty in this range, the Kou index can predict the relative cracking sensitivity of Al-alloys in casting
and welding. For example, in Figure 2-19c), various Al-alloys are compared for their actual cracking
susceptibility (total crack length in cm) with the Kou index, and their respective freezing temperature
ranges are also mentioned for reference. According to Figure 2-19¢), the Kou index (41/d(f'"?)) can
predict the cracking trend observed during the welding. It must be also reminded that, based on the
freezing temperature range shown in Figure 2-19c), the 7075 Al-alloy is the most cracking sensitive.
However in reality the 6061 Al-alloy is the most cracking sensitive, and thus the freezing temperature range

should be used with care or rather the Kou index must be preferred.

42



Chapter 2. Literature review

Thus to summarize, in welding literature the Kou index can predict the alloys that are cracking sensitive

and the criterion also provides a simple basis to choose filler alloys during the Al-alloy welding [94,95].

2.4.3. Rappaz, Drezet and Gremaud (RDG criterion)

Based on mass balance performed over liquid and solid phases inside the mushy zone, the Rappaz, Drezet,
and Gremaud criterion (RDG) [7] takes into account the tensile deformation perpendicular to the direction
of thermal gradients and the interdendritic liquid feeding. RDG criterion simply states that a void will

nucleate and give rise to a crack when the liquid pressure in the mushy zone falls below a certain cavitation

pressure (Pc). The RDG model is the first of its type to link the microporosity to the hot cracking.

Using the metallurgical parameters like the viscosity of the liquid (), shrinkage factor (), the characteristic

length of the microstructure (typically the secondary or primary dendrite arm spacing) (A), effective strain
rate (€) perpendicular to the direction of dendrite growth, liquidus temperature (T1), the temperature of
coalescence (Tyc), solid fraction f5(T) of the material and solidification parameters (thermal gradients G
and solidification velocity 2), Rappaz ¢f al. [7] came up with a famous relation for the pressure drop, as
shown in Equation 1.1. The total pressure drop (APorl) is composed of the shrinkage (APshrinkage) and
the deformation (APdeformation) contributions. The drop in pressure computed using the RDG criterion is

the decrease in metallostatic pressure (Pm). So ideally when P - (AProrl) falls below Pe, a void is nucleated,
as shown in Figure 2-20. According to Rappaz ¢7 al. [7], the higher the pressure drop, the higher will be
the cracking sensitivity, since after reaching a critical value of pressure, the liquid feeding will not occur

and the void will nucleate due to the localization of strains.

Aptotal = APdeformation + APshrinkage
180 (1 + B)u le E(T)f,(T)?
126 Tgc (1 _fs(T))g
180vpu (M f(T)?
! (1-£M)’
gc S

with E(T) = = f;; f:(DET) dT

dT

dT . (equation 1.1)

Since the RDG criterion considers the dendrite microstructural parameters as well as solidification

parameters with a physically sound basis, the model can be used for:

e Ranking the alloys with their relative cracking sensitivity.
e Studying the risk of hot cracking in different processes (since G and » are included in the criterion).
Thus the RDG criterion is not only restricted to welding/casting processes. It can be applied to

other processes like L-PBF as well if the solidification parameters (G, #) are known.
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e Understanding the behavior of the mushy zone during the solidification and assessing its effect on
hot cracking (since the model takes into account the coalescence temperature). For example,
different alloys will have different dendrite coalescence temperatures and thus the RDG model

can take precise alloy properties into account to predict their cracking sensitivity.
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Figure 2-20 Schematic of hot crack formation due to localized strains and decrease in metallostatic pressure

along the mushy zone, adapted from RDG criterion [7].

Although the RDG criterion is widely accepted and used in the hot cracking community (see refs.

[56,96,97]), there are several limitations related to the model:

1. The model does not take into account the grain size of the alloy microstructure. The model only
considers the secondary dendrite arm spacing as an input to estimate the pressure drop for the

growing dendrites. Thus, grain refinement is not considered in the formulation of the model.

2. One of the difficulties in the RDG model is the estimation of dendrite coalescence temperature
(Tye). To better estimate the coalescence temperature, mechanical behavior studies in the mushy

zones are needed to get an accurate estimate.

3. RDG criterion relies on the fact that strains act on the growing dendrites in the direction
perpendicular to its growth, however, the longitudinal strains are not considered in the formulation

of the RDG model. The longitudinal strains can also affect the expulsion of liquid feeding.
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4. RDG model by itself is not able to explain the strain localization and liquid feeding at the grain
boundaries since it is formulated for the growing dendrites. To isolate the dendrites at the grain
boundary and the dendrites belonging to a particular grain, Rappaz et al. [6] came up with a
coalescence model, which essentially says that, coalescence for the dendrites belonging to the same

grain happens earlier compared to the ones at the grain boundaries.

To understand the liquid feeding and strain localization at the grain boundaries, several granular models
are also reported in the literature [98—100]. The work done by Vernede e 2/ [98—100] uses a simplistic
approach to identify the grain coalescence. At first, random nucleation centers of the grains with random
orientation were generated and solidification within each grain was considered to occur with back-
diffusion/microsegregation aspects. Finally, the grain boundaries correspond to the Voronof tessellation
of the nucleation centers [98—100], and the liquid flow around the grain boundaries could be analyzed.
However, due to the complexity of the computation and limited mechanical inputs in the model, very few

applications of the granular models are reported in the literature.

2.4.4. Summary

The major differences between the reviewed cracking criteria (Kou index [93] and the RDG model [7])

are summarized below:

e The physical idea behind the Kou index is that a crack will form if the net expansion of the
intergranular space exceeds the net volumetric liquid feeding. Whereas, in the RDG criterion, the
void is assumed to nucleate and form a crack when the liquid pressure falls below a certain

cavitation pressure.

e In comparison to the Kou index which is only restricted to the grain boundary liquid region, the
RDG criterion considers the entire mushy zone. Hence RDG criterion focuses on the processes

happening on a micro-level of dendrites compared to the macro approach of the Kou index.

e The Kou index is only restricted to the steepness dT7/d(fi"?) near fs=1. Whereas, RDG criterion
can consider the metallurgical parameters (f5(1), viscosity, shrinkage, dendrite arm spacing) and
solidification parameters (G, v) of the process. Thus, in addition to ranking alloys for their cracking

sensitivity, the RDG criterion can also assess their sensitivity in different processing conditions.
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2.5. Cracking mitigation strategies in Al-alloys (L-PBF and welding literature)

The section details different remedial solutions existing in the literature to avoid cracking in Al-alloys in
general. Whether it is welding or L.-PBF literature, solutions reported in both processes are summarized.

Most of the solutions reported in the literature follow two paths:

1. Controlling the solidification parameters to alter the solidification condition (by processing route)
2. Compositional variation:

o Adding nucleating agents to refine the microstructure.

o Varying the solute content to control the liquid composition and alter the effective

solidification path.

2.5.1. Processing route

e Effect of Pre-heating the powder bed (L-PBF).

Using the processing route, Uddin ez /. [3] were able to produce crack-free 6061 Al-alloy in L-PBF. Uddin
et al. |3] used the powder bed heating at 500°C (induction heating system), to get rid of the cracking. As
shown in Figure 2-21a), the as-built sample possesses cracks that are visibly crossing several melt pools,
along the building direction. The microstructure contained large columnar grains and cracking was
assumed to occur by the solidification cracking mechanism, according to Uddin ¢z a/ [3]. On the contrary,
with a preheated powder bed at 500°C, the microstructure appears to be crack-free, refined, and free of
melt pool boundaries (see Figure 2-21b)). The preheated microstructure did not feature the melt pool
boundaries, typically observed in L-PBF, indicating that, the melt pool was very large due to the powder
bed heating at 500 °C. Moreover, large noncoherent Al-Si-O dispersoids were identified to be

homogeneously distributed in the preheated microstructure [3].
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Figure 2-21 a) Optical micrograph of as-built 6061 Al-alloy and b) after preheating the powder bed at 500°C,
adapted from [3].

According to Uddin e a/. [3] the powder heating system (AconityONE induction heating-TruHeat HF
series) employed in their work, diminished the available build area of fabrication. The fabricated samples
were restricted in terms of dimensions to around 200 mm in width. Similarly, due to the pre-heating of
the powder bed, the water-cooled system was necessary for the build chamber to avoid problems arising
from self-ignition. Thus, it is true that preheating was able to produce crack-free samples, however, there
were concerns related to the maximum produced dimensions of the sample and the safety [3]. Moreover,
since it was induction heating from the base plate, it is also not sure until what building height the effect
of preheating will occur. No further study has been reported to also understand the mechanism that causes
crack mitigation due to preheating, apart from the fact that thermal gradients were diminished due to

preheating.

e Effect of double lasers (welding)

Drezet et al. [97] studied the effect of twin lasers on successtfully welding crack-free 6xxx Al-alloy. They
used a system of twin lasers in comparison to conventional laser beam welding. Drezet ¢f a/. [97] used a
primary laser source of continuous COz laser and a secondary laser (pulsed Nd:YAG) positioned at a
specific distance (8x) before the primary laser to achieve crack-free 6xxx alloy (see Figure 2-22a)). The
distance between the two laser beams was identified as the key factor that was optimized based on the

effective melt pool geometry and was found to be dx=3mm [97].

Using such a combination of lasers, they showed that microstructure in the fusion zone is highly refined,
causing columnar to equiaxed transition (CET). For example, when using just the continuous CO2 laser

the microstructure contained columnar grain and cracks (see Figure 2-22c), highlighted red square of b)).

Whereas by using just the secondary laser, it is not enough to melt the alloy (see Figure 2-22c), highlighted
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blue square in the transition zone). And finally, when the combination of two lasers was employed, the
resultant microstructure possessed equiaxed grains without the presence of cracks (see Figure 2-22c),

highlighted green square).

Drezet ez al. [97] attributed such an observation of crack-free samples to low strain localizations. Fine
equiaxed grains are known to withstand the deformation compared to the columnar grains, and, they have
higher permeability [97]. They concluded that, due to the combination of lasers, the effective thermal
gradients were lowered and so does the effective strain localization. This leads to a higher level of liquid
feeding in the mushy zone causing crack-free 6xxx Al-alloy [97]. A similar effect by just using a single
pulsed laser beam was identified to reduce the cracking during laser welding of 6061 Al-alloy by Zhang et
al. [101].

Double
source

Figure 2-22 Effect of twin lasers in welding a 6XXX Al-alloy, adapted from [97].

e Effect of ultrasound to refine the microstructure (L-PBF)

Todaro e al. [102] studied the effect of high-intensity ultrasound (see Figure 2-23a)) in Ti-6Al-4V alloy
produced using laser powder deposition. They showed that by employing high-intensity ultrasound the
columnar grain structure (Figure 2-23b)) can significantly be altered into equiaxed grains (Figure 2-23c)).
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Using this technique, equiaxed grains were achieved without the addition of external nucleating agents.
Even though this technique was employed to other systems of alloys, Todaro ez a/. [102] suggest that this
technique can be applied to other light alloys producing columnar grains (like for instance structural Al-

alloys) during additive manufacturing.

a)

Without ultrasound

Figure 2-23 Effect of high-intensity ultrasound employed in laser powder deposition for the Ti-6Al-4V alloy,
adapted from [102].

As shown in Figure 2-23a), due to the inclusion of high-intensity ultrasound (sonotrode vibrating at
20kHz) during the fabrication process, there is a creation of acoustic cavitation. The acoustic cavitation
during solidification agitates the nuclei originally present in the alloy to form the equiaxed grains (Figure
2-23c)). Knowing the fact that grain refinement is known to increase the permeability of the mushy zone
and accommodate the deformation, such a processed-based grain refinement can be considered as a

possible strategy to mitigate cracks.

2.5.2. Grain refinement through external nucleating agents.

Another strategy that has been reported frequently to induce grain refinement is by the addition of external
nucleating agents [4,103,104]. Martin e a/. [4] demonstrated the usefulness of the addition of ZrH>
nanoparticles on the powder surface to promote equiaxed grain structure to mitigate cracking in

6061/7075 alloys produced by L-PBF. The selection of ZtrHz was preferred due to its similar lattice misfit,
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similar atomic arrangement with the Al-crystallographic planes, and thermodynamic stability [4]. The
addition of such particles on the powder surface allowed the formation of the Al3Zr nucleating phase.
Around 1% vol nanoparticles were added electrostatically on the powder surface to create pre-alloyed
powders. Finally, the pre-alloyed powders produced fine equiaxed grains from the Al3Zr nucleating phases
to produce strain tolerant and crack-free microstructure (see Figure 2-24). By such heterogeneous

nucleation, the typical columnar grains observed in L-PBF of 6061/7075 Al-alloys were transformed to

crack-free equiaxed grains.
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Figure 2-24 Effect of ZrH» nanoparticles addition on the powder surface to mitigate cracking in 6061/7075
Al-alloys, adapted from [4].

However, the equiaxed grain in the microstructure was not homogeneously distributed. A duplex
microstructure was obtained that contained equiaxed grains near the melt pool boundaries and fine
columnar grains growing within the melt pool. Such a duplex microstructure is frequently reported in
Sc/Zr modified Al-alloys, including the Scalmalloy®) [54,105]. A similar observation was reported by
Opprecht ¢f al. [104]. They added Z1rO, particles using YSZ (Yttria stabilized zirconia) (4 vol%) on the
6061 Al-alloy powder surface to produce crack-free 6061 Al-alloys using L-PBF. Opprecht ef al. [104]
observed that based on the quantity of ZrO; (1-4 vol%) added on the powder surface, the resulting fraction
of equiaxed grains in the melt pool and the crack density was affected. By increasing the nucleating agents,
the quantity of AlsZr responsible for heterogenous nucleation also increased, causing a strain tolerant,

crack-free microstructure [104].
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Another study reported by Carluccio ¢z a/. [106] was focused on exploring the traditional grain refinement
principles used in casting and implementing them in additive manufacturing. They used two types of grain
refiners namely Scandium (Sc) and TiBor (4wt% Ti and 1wt% B, balance Al). In literature, Sc is known to
produce Al3Sc that acts as a nucleating site for the Al to grow, due to its low lattice parameter mismatch
of only 1.6% with Al [106]. Similarly, Al-Ti-B refiners are also well known in casting literature for their
refinement ability due to the formation of TiB2 particles on the thin Al3Ti substrates. Using these refiners,
Carluccio ez al. [106] casted the alloys by adding 0.33wt% TiBor and 0.4 wt% Sc in the 6061 Al-alloy. They
showed that, by laser melting the casted alloys, both the refiners produced the expected grain refinement.
TiBor was more effective in homogeneously nucleating the equiaxed grains (see Figure 2-25b)) and on

the contrary, a mixture of columnar and equiaxed grains was obtained for the Sc addition (see Figure
2-25c)).

Figure 2-25 Effect of TiBor and Sc addition in the laser melted 6061 Al-alloy. 2) EBSD of laser melted 6061
Al-alloy melt pool, b) with 0.33 wt% TiBor addition and c) 0.4 wt% Sc addition, adapted from [106].

Thus to summarize, grain refinement principles used in the casting literature can be implemented in the
framework of additive manufacturing to induce grain refinement of Al-alloys. This approach has been
widely studied in the AM literature and has proven efficient to produce crack-free Al-alloys. However,

there are concerns due to the cost issues of the refiners like Sc- a rare earth element.

2.5.3. Solute composition modification.

So far we have reviewed the process-based and external nucleating agent based cracking mitigation
strategies. However, in literature, there are also a few instances, where solute composition modification
has been reported as a cracking mitigation strategy. The only solute modification reported in AM literature
to produce crack-free 7075 Al-alloy is done by Sistiaga e a/. [5]. 7075 is a high strength Al-alloy having Zn-
Cu-Mg as its major alloying elements, with ~0.7 wt% Si. Sistiaga ef a/. [5] varied the silicon content in the
7075 base alloy to mitigate cracking (see Figure 2-26). Crack density was found to decrease, with Si
addition ranging from (1-2 wt%); whereas for 3-4wt% Si addition, crack free 7075 were produced by -
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PBF [5]. In casting literature, Si is usually added to improve the processability of the alloy since it acts in
reducing the melting temperature, improving the melt fluidity, and reducing the thermal expansion
coefficient. Moreover, the addition of Si results in the formation of low melting point eutectics that could

result in backfilling the cracks present in 7075 Al-alloy, as also observed in ref. [107].

Si addition in 7075 Al-alloy resulted in cracking mitigation and also refined grain structure, however, its
applicability to other structural Al-alloys is not clear. For example, Giraud e7 a/. [73] in their constrained
solidification studies reported that, by increasing the Si content in the 6061 Al-alloy up to 2-3 wt%, the
crack density increased compared to the standard 6061 Al-alloy. Thus it is not clear, whether the Si addition
to the 6061 will benefit or not, since literature dealing with solute composition modification in 6061 Al-

alloy in the framework of AM is quite rare.

,d), _ e)

Figure 2-26 Building direction microstructure of Si modified 7075 Al-alloy. a)-¢) Si content added 0, 1, 2, 3, 4
wt%o, respectively, adapted from [5].

It is known in the welding literature [18,24,25] that 6061 alloy tends to liquation cracking, as shown in
Figure 2-27a). Huang & Kou [94], studied the liquation cracking sensitivity of 6061 Al-alloy during
welding by using different filler metals namely, with 5356(Al-5Mg) and 4043 (Al-5Si). Filler alloys in
welding are used mainly during the joining process to avoid cracking and also to maintain the mechanical
properties of the weld [95]. It is also known in literature [108] that, the dilution (% of base metal in the
resultant weld metal) affects the feasibility of the welding process. A crack-free weld was obtained by
Huang & Kou [94], when a filler alloy 4043 with 68% dilution was used to weld the 6061 Al-alloy (see
Figure 2-27b)). The composition of the 4043 filler (Al-5S1) is shown in Table 2-7. The 4043 filler majorly
contains 5wt% Si, 0.8wt% Fe, and a very low amount of Mg compared to the standard 6061 Al-alloy.
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Figure 2-27 a) Welded microstructure of standard 6061 Al-alloy showing fusion zone and PMZ, b) Welded
microstructure of 6061 with a filler of 4043 alloy. c¢) Temperature vs solid fraction curves for standard 6061
alloy, with 4043 filler and with 5356 filler alloy, adapted from [94].

Huang & Kou [94] showed that depending on the solid fraction of the partially melted zone (PMZ)
compared to the fusion weld metal, cracking sensitivity will be affected. They compared their
thermodynamic predictions to the experiments and concluded that liquation cracking will occur if the weld
metal has a higher solid fraction than the PMZ. As shown in Figure 2-27c), three temperature vs solid
fraction curves are shown for 6061 Al-alloy (which will be majorly in PMZ), 6061+4043, and 6061+5356.
The curves with filler alloy represent the fusion weld metal region. Thus according to Huang & Kou [94],
since for 6061+4043 filler, the solid fraction of weld metal is < the PMZ solid fraction, cracking will not
occur. And on the contrary for 6061+5356 filler, the solid fraction of weld > than the solid fraction of
PMZ, indicating the presence of cracks with 5356 filler (Al-5Mg).

Thus to summarize, by using filler alloys during welding, locally the weld composition is altered. The
change in weld composition affects the cracking sensitivity of the 6061 Al-alloy. Filler alloy 4043 is proved
in welding literature to be effective in reducing liquation cracking in 6061 Al-alloy. However, the use of
4043 compositions to mitigate the solidification cracking is not yet reported. In addition, the use of filler

with base alloy can deviate the composition from the actual composition of the 6061 Al-alloy.
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Table 2-7 Composition of 4043 filler used in the welding of 6061 alloy, adapted from [94].

Al Si Mg | Fe Cu |Cr Ti Mn |Zn
6061 [67] Bl | 0T |95 o |9 109 s | <05 | <025
08 |12 04 |035
4043057 | B |52 |00 dos o3 |oo01 |02 005 | 0.1

2.5.4. Summary

Thus, to summarize, most of the reviewed approaches either aimed at refining the microstructure by rare
earth elements or by reducing the thermal stresses through processing. However, the direct link between
the root cause of cracking and these solutions is still unclear for L-PBF of 6061-grade. In the literature,
several strategies have been explored to overcome cracking issues affecting the 6061 Al-alloy, either by
process variation or compositional changes. The most common process-based strategy involves playing
with first-order parameters such as laser power and speed [61]. Less common but efficient strategies
consist of preheating the substrate [3], use pulsed laser beam [101], or twin laser beams [97]. These
approaches aim to avoid hot cracking sensitivity by reducing the thermal gradients and thus thermal strains
acting on the solid-liquid zone in the melt pool. Grain refinement, which can be achieved by using
ultrasound [102] or laser re-scanning [109], is also considered as a possible way to minimize hot cracking.
However, for the case of structural Al-alloys, no such process-based grain refinement has been proven to

tully avoid cracking.

On the contrary, compositional variation has proved to be efficient in inducing grain refinement to
mitigate cracking. For example, the addition of nucleation agents to refine the microstructure is often
reported in refs. [4,110,111][100] to produce crack-free parts. The addition of Si (4wt%) in the 7xxx alloy
proved to be beneficial, however, its applicability on the 6061 alloys is not reported and needs to be
understood. Thus, the effect of solute composition changes in the framework of AM of 6061 alloy needs

research efforts in linking the causes of cracking to predicting crack-free compositions.

Also besides, compared to compositional variation, the processing path still needs opportunities for
enhancement. Despite the success of preheating [3] from the processing point of view, no other method

was able to eliminate cracking or provide guidelines in 6061 Al-alloy during L-PBF.
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3. Powder Characterization

I n this chapter, the 6061 Al-alloy powder characteristics are

detailed. The powder chemical composition, sige distribution,

and morphology are reported.

55



2.5 Cracking mitigation strategies in Al-alloys (L-PBF and welding literature)

56



Chapter 3. Powder Characterization

Two batches of 6061 Al-alloy powders from two different suppliers were analyzed in the present study.
The first batch was from TLS Technik© and the other one was from second manufacture (Powder-2).
Both powder batches were pre-alloyed and gas atomized by respective suppliers. The two sets of 6061
alloy powders were analyzed and only one was selected to perform the elementary experiments. The
selected 6061 Al-alloy powder was used to perform process optimization studies (reported in Chapter 4)
by various elementary experiments (single and multiple laser tracks) and to fabricate 3D cubes. The current
Chapter is divided into the three following sections, the objective is to get a full description of the as-

received powder batches:

e Chemical composition;
e Powder size distribution;

e Powder morphology and flowability.

3.1. Chemical composition.

The chemical composition analysis of the powders was carried out at Elektrowerk GmbH using
Inductively coupled plasma-optical emission spectrometry (ICP-OES) with DIN-EN-14242 standards
[112]. The powder samples preparation needed the following steps:

- The samples were taken in a glove box after mixing the powder canister for around 2-5
minutes.

- A small quantity is then taken in an airtight stainless steel container.

- The powder was then sent for analysis.

- For each series of analyses, 2 samples were prepared separately.

The compositions of the two powder batches are given in Table 3-1. Both the powder compositions are
within the ranges imposed by the standard for the 6061 Al-alloy [67].

Table 3-1 Chemical composition of the 6061 Al-alloy powder used in the present study in (w# %). The standard is also

given for comparison.

Al Si | Mg | Fe | Cu Cr Ti Mn Zn

04- | 08 0.15- | 0.04-
Standard | 7 <02 <0.15 | <0.15 | <0.25
7] 08 | 12 04 | 035
TLS Bal. | g7 | 095 | 014 | 025 | 016 | 001 | 0003 | 0007
Powder
Powder-2 | Dak 0.8 1.04 0.2 0.23 015 | <0.01 | <001 | <001
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3.2. Powder size distribution

The procedure used was as per the ASTM standard B822 — 10 [113]. Particle size analysis was performed
on a Mastersizer 2000 laser particle size analyzer (by Malvern Instruments ©) equipped with a hydro liquid
analysis module. The liquid used was ethanol. Two representative samples of each powder were analyzed
ten times each with and without the use of ultrasounds (for 2 minutes). The purpose of using ultrasounds
is to break down agglomerates due to the strong cohesion of the powder particles. An analysis corresponds
to a series of 5 measurements without ultrasounds and 7 measurements with (of which only the last 5 are
kept) per sample. The reported size distribution is the one after a series of 10 measurements. The powder
samples stored in the glove box were used after mixing the container for 2-5 minutes and placed in a

plastic container. Once out of the glove box, the powder was analyzed immediately.

Based on the laser granulometry analysis shown in Figure 3-1, the size distribution for the two powder
batches is summarized in Table 3-2. According to the size distribution, the powder from the second
manufacture (Powder-2) appears to have a smaller size distribution compared to the TLS powder. The
size distributions for both the powder batches are within the recommended range for L-PBF Al-alloys
[12].

Table 3-2 Powder size distribution of the two 6061 Al-alloy powders.

TLS powder Powder-2
Size distribution D10= 27um D10= 10um
D50= 41um D50= 24um
D90= 63um D90= 50um
Refer to Figure 3-1a) Refer to Figure 3-1b)
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Figure 3-1 Powder size distribution determined using Mastersizer 2000 (laser particle size analyzer). a) TLS
Technik powder batch and b) Powder-2 batch.

3.3. Powder morphology and flowability

3.3.1. Morphology

The morpho-granulometric analysis was performed using a Morphologi G3S morpho-granulometer
(Malvern Instruments ©). A 7 mm’ sample representative of each powder batch was observed at x20
magnification. The analysis was carried out on roughly ~80,000 particles. Two filters were used. The first
one eliminates agglomerates and the second allows dust particles to be removed: all particles having Circle
Equivalent Diameter (CED) < 2 um are discarded from the analysis. The aspect factor is defined as the
ratio of the width to the length of the particle. A long and thin particle will have an aspect ratio close to 0,
whereas a spherical particle will have an aspect ratio close to 1. Apart from quantifying the morphology
of the powders, the powder particles were also observed in a scanning electron microscope using

secondary electrons (SE) and back-scattered electrons (BSE) contrast.
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Based on the powder morpho-granulometry analysis shown in Figure 3-2, the aspect ratio of the two
powder batches is summarized in Table 3-3. According to the quantitative morpho-granulometry analysis,
both powder particles of each batch appear to be spherical in nature with an aspect ratio close to 1 for the

majority of the particles.

For the TLS powder, Figure 3-3a) &b) SEM observations show that the as-received powder exhibits
spherical shape with few satellites. Microstructure of the powder particles is polycrystalline in nature as
revealed by the BSE-SEM contrast micrograph and grain map shown in Figure 3-3c) & d) respectively.
For the Powder-2 batch, Figure 3-3e) shows that the as-received powder exhibits also spherical particles
with the presence of agglomerated particles. The powder-2 batch also exhibits a polycrystalline structure;
see Figure 3-3f).

Table 3-3 Powder morphology (aspect ratio) of the two 6061 Al-alloy powders.

TLS powder Powder-2
Morphology (aspect ratio) 0.95 for 90% of the number 0.95 for 65% of the number
powder distribution. powder distribution.
Refer to Figure 3-2a) Refer to Figure 3-2b)

b — = | |
0.0 0.1 02 03 04 05 05 07 08 09 10

Aspect ratio

Figure 3-2 Morpho-granulometry of the a) TLS Technik powder batch and b) Powder-2 batch, determined
using a Morphologi G3S morpho-granulometer.

60



Chapter 8. Powder Characterization

[111]

Figure 3-3 TLS Technik powder: a) & b) Powder morphology at different magnification observed using
SEM-SE micrographs. c¢) Cross-section of the powder showing different grains (SEM-BSE contrast). d) Grain
map of the powder cross-section measured using EBSD. Powder-2 batch: ¢) & f) Powder morphology at

different magnification, respectively.

3.3.2. Flowability

The powder flowability was characterized by two methods. The first one using the angle of avalanche. The
avalanche angle measurements were done in a rotating drum avalanche measurement system from Mercury
scientific instruments, as illustrated in the schematic of Figure 3-4. The rotating drum has a volume of
125 cm’ that rotates and measures the angle at which the powder starts to fall, i.e. the angle of avalanche.
A default revolution speed of 0.3 revolutions per minute was used and the build-in camera took images at
30 fps. Around 150 avalanches were analyzed to obtain the average avalanche angle for the two sets of

powder used.
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Camera

Figure 3-4 Schematic of the rotating drum used for avalanche angle measurement [114].

The second method to quantify the flowability was using the Hausner ratio [115]. It is a ratio of tapped
density over the apparent density. The measurement of the tapped density of a powder consists of filling
a graduated burette with a known mass of powder (thus obtaining the apparent density of the powder)
and after a certain number of taps, the powder quantity stabilizes, giving the tapped density. The
instrument used was the AutoTap (Quantachrome Instrument ©). The measurement was conducted in
air and around 2000 taps were used for the volume of powder to stabilize, with the tapping rate at 250
taps per minute. Thus, according to the Hausner ratio classifications mentioned in ref [115], the powder
flowability can be classified as excellent (1-1.1), good (1.12-1.18), and fair (1.19-1.25).

The Powder flowability results are summarized in Table 3-4. Higher avalanche angle indicates poor
flowability. With an avalanche angle of 48.9° for the TLS and 68.2° for the Powder-2 batch, the TLS
powder has relatively better flowability compared to Powder-2. The Hausner ratio analysis also indicates
a similar trend of poor flowability for the Powder-2 batch. This poor flowability of the Powder-2 batch
can be attributed to the high amount of moisture content. This allowed us to select the TLS powder
owing to its better flowability for performing powder layer experiments, which is reported in the
next chapter. Chapter 4 is focused on performing process parameter optimization using the TLS
powder to identify the stable melting conditions to fabricate 3D cubes by L-PBF. Similarly, the

microstructural characterizations on the as-built cubes are also detailed.

Table 3-4 Powder flowability of the two 6061 Al-alloy powders.

TLS powder Powder-2

Flowability .
(Avalanche angle)

48.9 £ 5° 65.2 £ 3°
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Flowability Mass: 298 ¢ Mass: 342 ¢
(Hausner ratio) Apparent volume: 249 ml Apparent volume: 245 ml
Tapped volume: 219 ml Tapped volume: 195 ml

Hausner ratio: 1.13 (Good) Hausner ratio: 1.25 (Fair)




3.8 Powder morphology and flowability
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4. Process parameter optimization and microstructural observations

I n this chapter, the stable processing parameter regime in I_-

PBF is identified based on elementary experiments consisting
in lasing single and multiple adjacent tracks on a powder
bed. Moreover, the cracking pattern and its sensitivity to
processing conditions are studied. The chapter hosts the study
related to resolving the ambiguity related to the cracking
mechanism occurring in 6061 Al-alloy during I.-PBF. A
detailed microstructural study of the as-built 6061 Al-alloy
is also presented identifying the nature of second-phase
particles and the key microstructural features in comparison

to conventional manufacturing processes.

65



3.8 Powder morphology and flowability

66



Chapter 4. Process parameter optimization and microstructural observations

This chapter is divided into two parts: Process optimization and Microstructural characterization.

4.1. Process Optimization

Fabrication of Al-alloys by L-PBF has many challenges like high reflectivity and high thermal conductivity
[5]. Al-alloys have a thermal conductivity of 167W/m-K compatred to steel which has only 24.3 W/m-K
[78]. In addition to that, Al-alloys require a lot of energy for melting (the high latent heat of fusion of 378
kJ/kg), compared to 272 kJ/kg (Fe) and 297 kJ/kg (Ni) [78]. This high energy density can cause
evaporation of low boiling point elements like Zn and Mg, often creating gas porosities [116]. Moreover,
Al-alloys have moisture absorption ability, for instance the solubility of H, in molten Al is almost ~20
times higher than in solid Al, which causes an increase in Hzinduced porosities [116]. Despite these issues,
while processing Al-alloys, the Al-Si-Mg alloys (AlSil0Mg/AlSi7Mg) are easy to process by L-PBF
compared to high strength Al-alloys (6xxx and 7xxx). The (AISi10Mg/AlSi7Mg) alloys are frequently
reported to be crack-free due to their high Si content, compared to the structural alloys like 6061 and 7075
during L-PBF [1,4,5]. Due to severe cracking in 6061 Al-alloy along with the challenges mentioned above,
processing of 6061 alloy is a difficult task in Aluminum L-PBF industry.

4,1.1. Introduction

Process parameter optimization is done based on the stable fusion processing parameters identified on the
bulk 6061 Al-alloy substrates and using the powder layer experiments, those will be used to fabricate 3D-
cubes. In all the powder experiments, TLS powder was used. To identify the processing window for the
6061-alloy, which will ensure stable melting conditions, a bottom-up strategy was employed, as shown in

Figure 4-1.
This bottom-up strategy employed in the present work will allow to:

o Identify the various regimes within the explored processing range: stable vs unstable fusion
conditions (Unstable fusion due to high laser speeds and high energy density, or stable fusion)
with single tracks on single and multiple powder layers.

o Investigate if the cracks can be mitigated by the variation of the first-order melting parameters
like Power (P) and laser speed (Vigger)-

o Validate our thermal calculations by comparing the melt pool size and morphology
characterized experimentally with the one obtained through thermal calculations for various

processing parameters (Chapter 5).
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Annotations:

1D-1L: Single laser tracks with
one powder layer

2D-1L: Multiple adjacent
tracks with single powder layer.

Laser reflectivity study
on bulk and powder
form of 6061 Al-alloy

6061 powder (20-63pm) 3D: Cubes by L-PBF

Figure 4-1 Experimental strategy employed to identify stable melting conditions.

This part of the Chapter is divided into the following subsections:

68

i

1.

1ii.

Laser reflectivity of the bulk substrate and powder: the reflectivity of the two forms
of 6061 Al-alloy used in the study (the bulk substrate and the powder) are investigated.

Powder layer experiments: Single tracks (1D) and multiple tracks (2D) with a single
powder layer. L-PBF process involves layer-by-layer deposition of powder. This section
also investigates the stability of the molten tracks at different intermediate levels (with

several powder layers).

Fabrication of 3D cubes by L-PBF: Based on the identified regimes from the powder
layer experiments, 3D cubes were fabricated. The behavior of these parameters on the
cracking sensitivity and porosity during L-PBF is reported and an optimized parameter for
best relative density is determined. Here the optimized parameters refer to the parameters
leading to stable molten tracks that reduce the occurrence of lack-of-fusion defects and
thus increase the relative density of the as-built samples. However “optimized parameters”

do not necessarily mean that the samples were found to be crack-free.
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4.1.2. Reflectivity of the bulk-substrate and the powder

Bulk 6061 Al-alloy in the as-machined state were produced by Impol Aluminum industries. The surface

of the as-machined bulk substrate was very smooth (Ra=1.2um). This caused issues related to high laser

reflectivity, as already reported in ref [5]. The bulk substrate and the TLS powder were investigated for

their laser reflectivity.

ii.

Methods used to measure reflectivity /surface roughness:

Reflectivity: The total reflectivity analysis was performed on a Lambda 950 laser
spectrophotometer (Perkin Elmer ©). For each measurement, three samples were analyzed.
The bulk substrate samples were directly placed in the spectrophotometer, while the powder
samples were placed in a quartz sample holder. For the case of the powder sample, the total
reflectivity had contributions from the powder and the quartz sample holder. Thus to obtain
the powder reflectivity alone, the pre-measured reflectivity of the quartz needed to be
subtracted from the reflectivity measurements. For the bulk substrates, the obtained reflectivity
was solely from the sample. The analysis range used was 250 to 1500 nm with a step size of 5
nm. The total reflectivity measured for a laser wavelength of 1064 nm was used for comparing

the materials used in the study.

Roughness on bulk substrates: The profilometry analysis was done with an infinite focus
microscope (that measures the roughness) to monitor the variation in the roughness of the
bulk substrates. The average roughness (Ra) was used for comparing different surface states

of the bulk substrates.

Reflectivity comparison (bulk substrate and powder):

The as-machined bulk substrate reflectivity as a function of wavelength is reported in Figure 4-2 (blue

curve). For the laser wavelength used in the present work (1064 nm), the as-machined bulk substrate

reflectivity was around ~80%. In other words, it means that only 20% of the energy input is absorbed by

the materials. This suggests that the present surface state of the bulk substrate was highly reflective and

needs to be roughened to achieve a better absorptivity since surface roughness can help to achieve a better

absorption as reported in ref [1].
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Figure 4-2 Reflectivity measured on the 6061 bulk substrates and the 6061 powder (TLS Technik) using the

laser spectrophotometer. The reflectivity of pure Al is also shown for reference.

Another surface state of bulk substrate was analyzed, which was sand-blasted. The sandblasting was done
using manual sandblast, which uses a stream of abrasive material to bombard the sample surface, making
it rough. Figure 4-3a) shows the roughness measurements on the as-machined substrate. The Ra (average
roughness) was around 1.2 pm before sandblasting and post sandblasting the Ra increased to 6.3 um, with
10-15 minutes of sandblasting (see Figure 4-3b)). The average roughness increased (~5 times) by sand
blasting and this led to a decrease in reflectivity of the sand blast bulk substrate, refer to the green curve

in Figure 4-2. The sand blast reflectivity was around 41%, around half the reflectivity obtained with the
as-machined bulk substrate.

The 6061 Al-alloy powder (from TLS Technik manufacturer) used in the present study had ~43%
reflectivity for the same laser wavelength (1064nm), refer to the black curve in Figure 4-2. The obtained
total reflectivity for the powder (~43%) is almost half the reflectivity obtained for the as-machined bulk
substrates (~80%). Moreover, the powder reflectivity shows a similar profile for reflectivity when the
surface state of the bulk substrate is sand-blasted with a roughness of Ra=6.3 pm. These results are also
compared with the pure Aluminum reflectivity profile, adapted from Tissot ez a/. [117]. Compared to the
pure Al reflectivity of 95%, the 6061 powder had comparatively low reflectivity (~43%), but still, this was

higher compared to reflectivities encountered in powders made of other alloys (Ti-6Al-4V: 26%, 316L:
30%) [118].

To summarize, the as-received powder showed better absorptivity compared to the as-machined
bulk substrate. This suggests that, it is better to utilize the powder in comparison to the bulk-substrate
for the process parameter optimization. Moreover, studies dealing with the utilization of powders can

represent the actual L-PBF process in comparison to the bulk-substrate experiments. This helped us to
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concentrate the process optimization studies using the as-received powder, and the results will be
presented in upcoming sections. Preliminary process parameter optimization performed on the bulk

substrates (1D-2D) experiments are reported in Appendix. The latter ones were interesting but not very

representative of the L-PBF process.
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Figure 4-3 Profilometry analysis to measure the mean roughness of the a) as-machined bulk substrate and b)
sand-blasted bulk substrate.

4.1.3. Elementary powder layer experiments

Several experiments using the actual 6061 powder (20-65um) from TLS Technik were carried out to
determine the stable processing window. The TLS powder was preferred to perform experiments because

of its good flow nature. Experiments dealing with single-tracks on a single powder layer (1D-1L), multiple
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adjacent tracks on a single powder layer (2D-1L), and multiple tracks on five powder layers (2D-5L) were
performed to evaluate the effect of laser speed and power on the stability of the tracks during laser
scanning while the laser spotsize was kept constant and equal to 70 pm. By these experiments, just with a
single or several powder layers, stable processing regime without the evidence of discontinuity in melting
can be identified. Such a strategy helps saving time and amount of powder consumed to fabricate the 3D
L-PBF samples.

e 1D experiment: Single tracks on a single powder layer (1D-1L)

A ProX 200 L-PBF machine from 3D Systems (see Figure 4-4) was used to perform laser scanning
experiments on the powder layers for process optimization and consequently to fabricate 3D cubes. The
machine incorporates a Fiber laser operating at a near-infrared spectrum (A=1064 nm). With the ProX 200
machine, the maximum laser power (P) was about 274W. The laser power was varied from 10% (27.4W)
to 100% (274W). The laser speed (Vigser) was varied from 200 mm/s to 2200 mm/s. The laser spot size

was kept constant to 70 pm. To estimate the density of energy received by the powders as a function of

processing parameters, the linear energy density defined as EL = P/Vq5e, Was used.

Figure 4-4 ProX 200 L-PBF machine from 3D systems [119].

Figure 4-5 shows the top view of the 1D tracks scanned on a single powder layer. Three sets of power
(137W, 219W, and 274W) are shown with the laser speed varying from 200 mm/s to 2200mm/s. Based
on the top view images displayed in Figure 4-5, stable (continuous) laser tracks and unstable laser tracks
(discontinuous) are identified. The stable continuous tracks were observed for P=219/274W from 1100-
2000 mm/s.

Similarly, according to Figure 4-5, the unstable tracks were classified into two different categories: (i)

unstable tracks due to high energy density and (ii) unstable tracks due to low energy density. The instability
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occurring due to high energy density is referred to the condition of the melt pool track that appears to be
uneven due to an excessive heat input. This can occur due to intense convective flows caused by a high
energy input, which increases the recoil pressure in comparison to the surface tension and hydrostatic
pressure of liquid metal [76]. This kind of high energy instablity was observed mainly for smaller laser
speeds (<1000 mm/s) and high powers (>210W). To identify the difference between the unstable (high

energy) and the stable molten tracks, please refer to the yellow and green regions highlighted in Figure
4-5.

Figure 4-5 Single tracks for various processing parameters carried out on a single powder layer.

Instability of laser tracks can also occur due to very low energy density. For the low power of 137W,
humping (Vjgser in the range of 1100-1600mm/s) and balling (V46 in the range of 1800-2200mm/s)
was observed. The optimum laser speeds at which a stable track can convert into an unstable track thus
needs to be identified. Although high laser speeds mean less time for fabrication, they have some
drawbacks. Higher speeds can often cause lowering of the melt pool temperature and increase in melt
viscosity of the liquid metal making it difficult to flow and giving rise to lack-of-fusion defects between
layers. According to DebRoy ez a/. [120], when the laser speed increases, the melt pool length often
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increases creating elongated melt pools along its length. This situation might create the breaking of melt
pools into various smaller regions, which causes discontinuity. These discontinuities are often qualified as

humping and balling.

e Humping: Humping usually occurs at high laser speeds (1100-1600mm/s). The top view
morphology is often classified as broken beads having open unfilled spots, as shown in Figure
4-6. The mechanism of its occutrence is majotly due to the hydrodynamic instability caused by the
difference in buoyancy force to shear force at the surface of melt pools [120]. The black highlighted
region of Figure 4-5 shows the typical humps/broken beads formed in the present study.

e Balling: At even higher-speeds (1800-2200mm/s), balling can occur. Compared to instability like
humping, the mechanism of occurrence of balling is slightly different. During high speeds, the
melt pool becomes elongated along its length and starts to separate from the tracks in the form of
the spherical balls to maintain the minimum capillary pressure inside the melt pools (see Figure
4-6). The maximum allowable length of melt pool above which balling can occur is based on the
Plateau-Raleigh capillary instability critetion: L/w >u (where L and w ate the length and width of
melt pool) [120]. The red highlighted region of Figure 4-5 shows the typical laser tracks of balling

phenomena occurring in the present study.

Humping

Figure 4-6 Single tracks showing the typical signature of humping and balling, adapted from [12,121].

To understand the limit at which balling or humping occurs using the Plateau Raleigh capillary instability
criterion for the case of 6061 Al-alloy powders, dimensional analysis of the melt pool tracks was performed
over the studied range of parameters. As shown in Figure 4-7a) &b), the average melt pool widths (w)
and lengths (L) were estimated (based on the top view of melt pools in Figure 4-5) as a function of linear
energy density. The increase in melt pool width is expected as a function of linear energy density, as shown
in Figure 4-7a). However, the length of the melt pool (shown in Figure 4-7b)) shows a decreasing
behavior when the input energy density increases. This is because as the laser speed increases (i.e. lower

energy density), the melt pool tends to be elongated along its length, making its length to increase for low
EL
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With the help of these dimensions (widths and lengths), their ratio can be used to identify the critical point
at which balling/humping can occut. As shown in Figure 4-7c), the length/width ratio is calculated for
various energy densities. The L/w ratio curve shows a rectangular hyperbola. For E1.<200 J/m, the L/w
ratio shows a rapid increase. Whereas for higher energy densities, the L/w ratio stabilizes around 0.75-1
value. The transition point at which the identified parameter starts to show characteristics of
balling/humping, cortesponds to a L/w ratio approaching a value of 3. Thus, in the present study,
we are quite close to the value predicted by the Plateau Raleigh capillary instability criterion (L/w >).
Figure 4-7d) shows the identified top view of the single tracks for the selected L/w ratio in Figure 4-7c).
The stable region is shown in green square for a L/w ratio of 0.7, whereas, humping and balling tracks are
identified for a L/w ratio of 3.1 and 4.25, respectively. Thus, based on the L/w ratio analysis for the 6061
Al-alloy powder, it suggests that to be in the stable region and avoid humping/balling, the I./w must be
kept <3. For the unclassified parameters in Figure 4-5, V4502 >2000 mm/s and P=219/274W,
premature signs of humping behavior can be observed, which is less severe compared to the humping
region observed for low power of 137W. According to DebRoy e a/. [120] the occurrence of humping is
even possible at high powers when the laser speed is sufficiently high enough.

Finally, a processing map is generated to identify the different regimes based on laser power and speeds.
As shown in Figure 4-8a), the processing parameter map allows different regimes to be identified, namely:
unstable due to high energy (yellow), stable fusion (green), unstable due to humping/balling (black) and
no fusion (red). No fusion/unfused refers to the laser tracks that did not absotb enough input energy to
melt the material. The x-axis shows the studied laser speed range in 7z/s and the y-axis shows the laser

power in W. Figure 4-8b) shows the typical forms of the identified regimes from the top (XY plane).

Out of the studied parameters, the single track analysis on one powder layer shows that the stable
continuous tracks were observed for the green zone marked in Figure 4-8a). This regime corresponds to
the P>164W with speeds ranging from 500-2000 mm/s. Instabilities due to high energy density were
observed for P>220W and low scanning speeds, atround 400-700 mm/s. Moreovet, parameters with low
power (P<135W) were repeatedly found to be having unfused tracks. In addition to the observed regimes,
balling/humping regimes were classified for process parameters having laser speeds >1500mm/s (as
highlighted in black in Figure 4-8a)). This indicates that to avoid the balling/humping phenomena,
the laser speeds must be kept lower than 1500 mm/s, which will ensure the L/w ratio of the melt
pool <3. It must be noted that this critical speed of 1500mm/s is identified for a P=150W. As Power
increases, this critical speed also shifts to a higher value (see Figure 4-8a)), this is due to an increase in

energy density that will increase the tolerance towards the L/w ratio.
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Figure 4-7 Analysis of single tracks to identify the criterion for humping/balling. a) Melt pool width, b) Melt pool
length, ¢) Length/Width ratio, and d) Top view of the single tracks for the parameters marked in figure c).

To summarize, a stable melt pool track regime was identified based on the stability map shown in Figure
4-8 and also based on the L/w ratio analysis of Figure 4-7. In comparison to the bulk substrate analysis
reported in Appendix A, the powder layer experiment goes a step further in identifying a stable regime
without the occurrence of balling and humping, which were not identified in bulk substrate experiments
(basically due to the absence of powder particles used in the bulk substrate experiments). The stable
regimes from the bulk substrate experiments (sand blast, Ra = 6.3 pm) are quite similar to the ones found
with the powder experiments, probably due to the similar reflectivity profiles for the powder and the bulk
substrates (sand-blast), see Figure 4-2. Moreover, the minimum power required to not have lack-of-fusion
tracks was around 137W for the powder layer experiment, whereas for the bulk substrates (as-machined,
Ra 1.2um) it was ~P=200W. This was majorly due to the high reflectivity in the case of the as-machined
bulk substrate (refer to Figure 4-2).
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Figure 4-8 a) Processing map for the single tracks experiments performed on a single powder layer. b)

Observation of typical regimes identified in the processing map.

The measured melt pool widths across the studied parameters during the single track analysis with powder
can also be compared to the melt pool widths obtained with bulk substrates. Figure 4-9 shows the
measured melt pool widths across the different forms of 6061 Al-alloy. For the case of a single powder
layer, the measured melt pool widths show an increase with increasing energy density. A similar trend is
observed for the bulk substrates (sand-blasted). Moreover, there is not a huge difference in the measured
melt pool widths between the powder tracks and the tracks performed on the bulk substrate (sand-blasted),
majorly due to similar laser reflectivity (Figure 4-2). On the other hand, the bulk substrates (as-machined),
which were not sand-blasted show quite small melt pools due to lack of laser absorption, as they had a
higher reflectivity (~80%) compared to the powder (~43%). This comparison shows that the bulk
substrate (sand-blasted) melt pools can be considered as a representative of the actual melt pool tracks
observed with the powder layer experiment. In Figure 4-9, only the width of the melt pools were
compared, however, to get a full picture of the melt pool dimensions, measurement of the depth is also
desirable. This comparison was just to have an idea about the use of bulk substrate melt pool dimensions,
to where they are when considering actual powder tracks dimensions. This will also help to use the bulk
substrate melt pool dimensions in updating the thermal simulations done as a part of the present study

that will be presented in Chapter 5.
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Figure 4-9 Comparison of mean width’s for different lasing conditions: powder, rough bulk substrate
(sandblast, Ra = 6.3um), and bulk substrate (as-machined, Ra = 1.2 pm).

e 2D experiments: Multiple adjacent tracks on a single powder later (2D-1L) and five powder
layers (2D-5L)

Until now, with the single laser tracks on a single powder layer, the stable regime of parameters was
identified, which was also quite similar to the one identified with the bulk substrate experiments when
using a sand-blasted substrate (shown in Appendix). This section focuses on scanning multiple adjacent
tracks on a single powder layer and the motivation behind such experiment is to go a step closer to the
actual 2D scans and identify the regions of stability based on the top view of the laser tracks. This will
help us to understand, how the stability regime is affected when multiple tracks are scanned compared to

the single track experiments.

A 2D region of 5x3 mm®was used to study the effect of multiple adjacent laser tracks on the powder layer.
Similarly, the same first order process parameters were used from the 1D-1L experiment (P: 27 W-274 W
and Vjgger: 200-2200 mm/s) with the spot size kept constant to 70 pm and a layer thickness of 20um.
Multiple adjacent tracks with a hatch spacing of 100 um were found to possess stable melting conditions
compared to a hatch spacing of 50 um. This behavior was identical to the ones observed in bulk substrate
experiments, where a 50um hatch spacing caused a similar unstable molten tracks (due to high energy),
based on top view observations. With smaller hatch spacing of 50 um, the overlap between neighboring

melt pools was more and resulted in the agitation of molten tracks making it unstable. Thus, all the multiple
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tracks experiments carried out on the powder layer (2D-1L and 2D-5L) were done with a higher hatch
spacing of 100 um.

P=109 W

2200
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Viaser (MM/S)
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Figure 4-10 Top views of the 2D region scanned with multiple adjacent tracks on a single powder layer.

With a 100 pm hatch spacing, the top view of the 2D tracks for various parameters can be visualized in
Figure 4-10. The combination of low powers (109W and 137W) and high laser speeds 2200 mm/s was
found to have no fusion (laser tracks hardly visible). Similarly, for these powers and laser speeds 1200-
2000 mm/s (balling) and 200-1200 mm/s (humping) were also obsetved. Balling can be identified by the
red highlighted region where molten tracks are discontinuous, whereas humping is associated with broken
beads highlighted by black regions, in Figure 4-10. This is in correlation with the single track experiments
(1D-1L) where for 137 W, throughout the range of laser speeds balling/humping was detected, as shown
in Figure 4-5. Similarly, in Figure 4-10 for P=192W, the evidence of humping was observed for high
laser speed 2200 mm/s, similar to the single track experiment where humping was observed even at high

powers. For the maximum power of 274W, unstable multiple tracks caused by high energy input were
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observed in the laser speed range (800-2200 mm/s), with few instances showing stable continuous molten

tracks for low laser speeds (<800 mm/s).

Similar to the single-track experiments, a stability map (Figure 4-11) of multiple tracks on a single powder
layer for various processing parameters were established. Note that the boundaries between various
regimes are not accurately determined since for few parameters, classification was difficult. In comparison
with the single-track laser scans on the powder layer of Figure 4-8, the stable tracks process parameters
with multiple laser tracks in Figure 4-11 have shifted to higher laser power and lower laser speeds. This is
probably due to the inter-track consolidation behavior caused by the multiple adjacent tracks for a given
hatch spacing of 100 pm. For example, for a single track, the stability of the track was considered just
based on one single track, however, when considering a 2D region for its stability, the inter-track
consolidation behavior and the denudation zone (powder free zone ahead of meltpool due to spattering
[120]) can also play a role in determining the melt pool stability. For instance, consider the top view images
in Figure 4-10 for a V45, =200mm/s. As power increases from 109W to 274W, the spacing between the
tracks starts to disappear, indicating better consolidation. Thus, a higher energy density might be required
to form a stable 2D region in addition to forming a stable 1D track. This explains why the region of
stability shifted to higher powers and lower speeds for the case of 2D multiple tracks on a powder layer.
The stable fusion parameters (highlighted in ‘green’) were restricted to lower laser speeds (Vjqger <800
mm/s) for P> 233W. Similarly, in Figure 4-11, the instability occurring due to the high energy was
identified for higher powers (>250W) and higher speed (>1000mm/s) contrary to what was identified at
low laser speeds during the single-track experiments. This is probably due to improper overlapping
between the neighboring tracks at high laser speeds. When speed is low, even though it is high energy, the
inter-layer overlapping for the 2D tracks makes the instability disappear. This explains why the unstable
(high energy) region was identified for high powers and high speeds for the multiple tracks. For
109W<P<219W and vVjq5er>1000 mm/s, balling/humping was typically predominant, as highlighted in
‘black’ of Figure 4-11. As power decreases below 109W, unfused tracks starts to become predominant,
similar to what was observed in the work done by Olakanmi e 2/ [122] on Al-Si process optimizations
during L-PBF.

80



Chapter 4. Process parameter optimization and microstructural observations

Y Viaser

+ Unfused 4 Unstable (Humping/Balling)
a) = Stable fusion  x Unstable (high energy) b)
//>\\
274 /1 X x \\‘\ X X x x x x x
|‘/r X x ’7/,://\:‘ X X X X X X X
\ﬁ«l;lx X A A A a A A A
§ 210 X X " x X A A Ao a
- x x A A A a A A A
o
; 140 A A A A A A A A A *
= A A A A A A A A A P
[=F
* ¢ * L 2R 2 *
70
S < X
X3 o X
0
0 500 1000 1500 2000 2500
Vigser (MM/S)

Figure 4-11 a) Processing map for the 2D multiple tracks on a single powder layer. b) Observation of typical regimes

identified in the processing map.

Moving further with the analysis to identify the fusion parameters, 2D laser scanning on five powder layers
were also performed. With the same process parameters as in the 2D tracks on a single powder layer, the
motivation to understand how the regimes of stability are affected by the layer-by-layer powder deposition
technique. In this experiment, multiple laser tracks were performed after each layer deposition to mimic
the actual L-PBF process. The final stability regimes were identified after examining the top surface laser
tracks on the last powder layer. Figure 4-12 shows the stability map for the processing conditions yielding
the stable continuous fusion after five layers of powder deposition and subsequent laser scanning.
Compared to the 2D-1L experiment, the stable fusion zone for five powder layer 2D tracks was identified
with some flexibility in the laser speed range. With a single powder layer, the stable fusion was identified
for small laser speeds (<800mm/s), whereas, with the successive scanning on five powder layers the speed
range for stable tracks has widened up to 1200 mm/s. This tolerance of the laser speed is probably due to
the inter-layer consolidation of the powder layers, achieved with the five powder layers deposited on top
of each other. Another consequence of this possible inter-layer consolidation with five powder layer
deposition was the humping/balling region was reduced and restricted to 109W<P<160W, in comparison
to single powder layer 2D tracks where balling was also observed for higher powers up to 219W. These
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observations suggest that, stacking of powder layer on top of each other can be beneficial to heal some of
defects.
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Figure 4-12 a) Processing map for the 2D multiple tracks on five successive powder layers. b) Observation of

typical regimes identified in the processing map.

After five rounds of powder deposition and subsequent laser scanning, the stable fusion
parameters were identified for P>210 W, 400< V4., <1200 mm/s, hatch: 100pm, layer thickness:
20pm and spot size: 70pm. The identified laser speed range for the stable fusion was similar to the ones
reported by Uddin ef al. [3] (Vjgser: 500-1400 mm/s), but they used a wider power range (150-500W).
Similarly, Olakanmi ez a/. [122] and Louvis e/ al. [55] proposed to use high powers >150W to have better
consolidation behavior of the 6061 Al-alloy, since with their processing parameters (P: 50-150W, vjgger
80-420 mm/s and hatch spacing >300um) problems related to delamination and a low relative density
~88% were reported. Thus, the identified stable parameters in the present study are far away from the

parameters causing delamination and lack-of-fusion defects such as reported in the study of Louvis ez a/.

[55].

Moreover, by using laser speeds less than 1200 mm/s, we are also sure that single track balling/humping
will not occur. Since in 1D-1L experiments we saw that L/w ratio < 3 for laser speeds less than 1500

mm/s. Since these several layer deposition and subsequent laser scanning experiments are thought to be
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very close to the actual L-PBF process, the identified stable parameters were then selected to fabricate

cubes using L-PBF. These results will be presented in the upcoming sections.

Morteovet, in all the powder layer/bulk substrate experiments, cracking was always obsetved (except for
the parameters that did not lead to fusion), see Figure 4-13. Figure 4-13a) and b) show evidence of
cracking inside the melt pool cross-sections of the bulk substrates. For more details, refer to Appendix.
The work done on bulk substrate also suggests that over the investigated range of process parameters (P:
180-274W, Vgger: 200-1400 mm/s), cracking cannot be avoided but rather crack density was found to
decrease as a function of increasing energy density (see Figure A-7c)). For the powder layer experiments,
Figure 4-13c) and d) show the typical cracking location from the top view. Cracks are systematically

located in the center of the laser tracks, following the laser scanning direction, similar to the ones reported

=) 7

Observation plane (ZY) Observation plane (ZY)

in the welding literature [97].
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Figure 4-13 Cracking observation in a) 1D-bulk substrate, b) 2D-bulk substrate, ¢) Single tracks on a single
powder layer, d) multiple tracks on a powder layer.
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4.1.4. Fabrication of 3D cubes by L-PBF.

The powder experiments allowed us to quantify the length/width ratio of the melt pool to identify
instabilities such as humping and balling. Similarly, stable continuous process parameters on single and
multiple powder layers were also identified. These experiments played a major role in identifying the stable

regime of parameters to fabricate L-PBF cubes.

e Processing parameters:

From the stable fusion process parameters from the elementary powder layer experiments, the final
processing parameters for the L-PBF experiments were selected. The final 3D cubes (10mm x 10mm x
10mm) were fabricated with parameters ranging from (P: 164W-274W and V44t 400-1400 mm/s)
with a hatch spacing of 100pm, a layer thickness of 20 pm and a laser spot size of 70 pm, kept
constant. Although the identified stable parameters suggested by powder experiments were (P>210W
and Vjgger: 400-1200 mm/s), the final parameters of 3D cubes were fabricated with some tolerance. For
example, the speeds were restricted to less 1500mm/s to avoid balling/humping, the power was kept
above 164W since below that lack of fusion (unfused regions) were identified and also Olakanmi ez 4/.
[122] suggested to keep power greater than 150W. Similarly, a simple parallel scan strategy without rotation
between layers was chosen as shown in Figure 4-14, to obtain ‘simple’ microstructures that can be easily
interpreted without having influence due to scanning strategy. A simple microstructure can be just an
epitaxially grown columnar grains. Thus, without the rotation between the layers, a simple strategy will be
helpful to observe the melt pools and interpret the microstructure, in comparison to the strategies

consisting of melting islands with 67° of rotation between layers.

n layer

(n-1)t layer

Figure 4-14 Parallel scanning strategy without rotation between layers used to fabricate L-PBF cubes.
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1.

Experimental procedures to characterize 3D cubes:

Estimating the relative density: The relative density for the 3D cubes was estimated using
the Archimedes principle according to ASTM B311-13. Polished samples were used for the
measurement. The density of the cubes was performed using a YDKOILP density
measurement kit and a LA310S balance (Sartorius ©) having a precision of 0.001g. The
measurement consists of taking two consecutive weighing’s: the first consists of taking the
mass of the dry sample, then in immersion in a liquid. The liquid used for this measurement
can be water, ethanol, or isopropanol. In our case, we used ethanol. The density of the liquid
was checked by regularly measuring the mass of standard quartz (around every 20-25 min).
The liquid was placed at the point of measurement one hour before at least so that it is at room
temperature. Each mass measurement was performed 3 times to be able to give an average

value of the density of the as-built samples. The density of the sample was estimated using
Density= (Ma . Diiquid)/Ma- Miiquid, where M, is the weight of the sample in air, Dijiquid is the

density of the liquid (at room temperature) and Miiquid is the weight of the sample submerged

in the liquid. Finally, the relative density was obtained by dividing the obtained density by the
reported density (2.7 g/cm’) of the 6061 Al-alloy in ref. [3].

Quantifying cracking density/porosity: To measure the crack density on the 3D cubes,
polished cross-sections were used to be able to detect cracks. The crack density was estimated
using Image] software in an area of ~2.7 mm” in four different locations of the YZ planes
(along the building direction, Z). This allowed us to estimate the average number of cracks per
mm” for samples with different processing conditions. This method was selected to quantify
cracks as it was frequently used in refs. [71,73]. Similatly, for the porosity estimation, Image]
software was used. The polished micrographs of samples were converted to a binary image to
which thresholding was used to identify the pores. In this way, porosity in an area of 2.7 mm”

and its size distribution could also be estimated.

3D cubes fabrication: results and discussion

All the 3D cubes were fabricated without any technological issues, except for the high energy density cubes

having Vjqse,r<600 mm/s. The high energy density cubes (marked in red, in Figutre 4-15a) were not

completely fabricated. Due to the high energy input of the laser, the powder spreader was occasionally

blocked by the solidifying alloy during fabrication, as shown in Figure 4-15b). Thus, the analysis of the

cubes was testricted to only parameters ranging from P: 164-274W and vVjqger: 600-1400 mm/s.

85



4.1 Process Optimizgation

n'" layer

(n-1)" layer

L-PBF cubes

Figure 4-15 a) 6061 Al-alloy cubes made using L-PBF. b) Surface state of unfinished cube due to blocking of

powder spreader, when excessive enetrgy input is used (Er>400 J/m)

As shown in Figure 4-16a), the relative density of the fabricated cubes was estimated using the

Archimedes method. The as-built cubes showed an increase in relative density when increasing the laser
linear energy density. The maximum relative density achieved was 98.5% for EL=400 J/m (P=240W,

Vigser=000 mm/s). This was the processing condition that was optimized for having a better relative
density compared to the work done by Uddin e# 4/ [3], which reported 97% relative density (without
powder bed heating). Uddin e 4/. 3] also obtained a high relative density of 98.7% by employing powder-
bed preheating temperature of 500°C along with a combination of high power (400-500W) and laser speeds
(1400-1600 mm/s). Similarly, the maximum telative density reported by Louvis ef a/[55] was only 88.7%
for the L-PBF of 6061 Al-alloy for the parameters (P: 100-150W, v;45¢,: 80-420 mm/s).

Figure 4-16a) also shows the porosity evolution as a function of linear energy density for the TLS powder
cubes. The porosity termed here refers to the lack-of-fusion defects since within the pores there were
evidences of unmelted powder particles (see Figure 4-16d)). As the laser energy density increases, the
porosity measured based on optical micrographs taken in a plane containing the build direction tends to
decrease. The process parameter (EL=400 J/m) had minimum porosity of 0.3%. The porosity was
estimated using image processing by analyzing an area of ~1500 um” of different cubes. Since cracks were
present in the microstructure, as shown in Figure 4-16c), they were discriminated from the estimation
of porosity using image processing tools. Even though cracks are considered as defects, they were not
taken into consideration to determine the porosity content in the cubes. This means that the sample with
optimized processing conditions had very few lack-of-fusion defects but cracks were still present in the
sample. To visualize the micrographs of the optimized processing conditions, please refer to Figure

4-16¢). On the contrary, the processing condition (EL=117 J/m) had the highest lack-of-fusion porosity
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(2.6%) and the least relative density (~96%). The optical micrograph of this low energy sample is shown
in Figure 4-16d). This is similar to what was observed for the 3D cubes of 6061 Al-alloy fabricated by
Louvis ez al. [55]. They attributed this lack of fusion porosity due to low energy density.

T T T 30 b) .
" met B * T
,\°\ o % * 25 s 30- O |l |
2 98.04 ; " * §/ T
= 2 R 2 T
g 97.5 < * " s g
) = 5 1
A 97,0 LI : z < 25+ = L
o u
* * = F10 © )
E 96.5 - * ok T | Optimized o s
% * ok X parameter| o5 @)
& 96.0- o s 20 Optimized -
68 * Relative Density (%) u E - ﬁ parameter [
TrARR i S — ; ; :
100 150 200 250 300 350 400 450 100 200 300 400
Linear Energy Density (J/m) Linear Energy density (J/m)
o P=240 W, v;,,,: 600 mm/s d) P=164 W, v,,,,: 1400 mm/s
\ Y " 500 um q ? - D Pesh 500 pm
f { {0 ' ’ { \ores § o' ey -
{ } T e ] Y 3
{ E T O ‘LA S
i3 : - &’. ’.) ‘.l. 1 .'._";.ﬂ ‘.,"‘;
g5 {8 1% ¥ il . A OSAL o
§F y ‘ . ! } ‘ : . 2.2 N ?'" f } ~
y "‘. 1 e 1 ' . ! ) 1
A g ! T
ERY ~‘
Z b | A . Aha
- 1
ik L J ! | )

e) D hﬁ; =
S - E
, 2
» n "n
gt = 104
= - = "
-
: : !
. 20um] 2

100 200 300 400
Linear Energy density (J/m)
Figure 4-16 a) Relative density and porosity as a function of laser energy density for cubes fabricated using
TLS powder. b) Variation of crack density with laser energy density. ¢) and d) Optical micrographs of the
samples with EL=400 J/m and E1=117 J/m, respectively. ) Optical micrograph showing porosity enhanced

cracking. f) Variation of porosity enhanced crack density with linear energy density.

This observed trend of decrease in lack-of-fusion porosity with increasing energy density is opposite to
the trend observed in bulk substrate melt pools, where metallurgical pores (Hz induced porosity) increased

with the increase in linear energy density (see Figure A-7a)). The lack-of-fusion pores identified in the
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3D cubes were much larger due to the embedded unfused powder particles, compared to the metallurgical
pores (few microns) identified in the bulk substrate melt pools. The mechanism of formation of these two
different types of pores is different, thus it is reasonable to expect a difference in their variation compared
to the change in laser energy density. For example, as input energy density decreases, there is a higher
chance for the powder particles to not melt and form a lack-of-fusion defects. On the contrary, for smaller
melt pools with low energy density, there will be less amount of Hz/other gases trapped in the melt pool.

This explains the opposite variations of the two types of porosities with the input energy density.

In addition to the observed porosities, cracks were also found throughout the processing parameter range
investigated in the current work. As illustrated in Figure 4-16b), the average total number of crack per
unit area shows a decreasing trend with the increasing linear energy density. The highest crack density

(31.5 cracks per mm?) was observed for an energy input of Er. = 118.5 J/m (P = 166W and vjqge, = 1400

mm/s) while the lowest crack density was measured for the highest energy (EL = 400 J/m). This obsetrved
trend is consistent with the reported literature, which reports that cracking can be reduced but not avoided
by increasing the energy input, see ref. [34]. A similar trend of decreasing cracking density was also

observed during the bulk substrate experiments (see Figure A-7c)).

Besides, there were a few instances where some of the cracks have metallurgical porosities located along
their propagation path (see Figure 4-16e)). This observation suggests that there is a significant connection
between cracks and gas-entrapped pores. This interaction between the cracks and pores was recently
identified by synchrotron X-ray imaging techniques in the 6061 Al-alloy, see ref [123]. According to
Kouraytem ez al. [123], pre-existing pores (metallurgical or keyhole) are the preferred sites for cracks to
initiate. These porosities probably help the cracks to propagate. In addition, Kouraytem e a/. [123] also
observed that, when laser beam passes through the cracks, metallurgical pores tend to form along the
crack propagation path. Thus the observations reported by Kouraytem ez a/. [123], support the observation
of the present study seen in Figure 4-16e). The porosity enhanced cracking density as shown in Figure
4-16f) was also found to decrease as a function of linear energy density. However, a similar trend for
increasing energy density (EL > 400 J/m) is difficult to expect, since keyhole porosities can also form [76].
It is known in the literature that, as laser energy density increases, there are chances of keyhole melting
mode and keyhole regime can also give rise to additional keyhole porosities [76], which might be

detrimental to the build sample mechanical properties.

In all the studied parameters of the bulk substrate and powder experiments (P: 180-274W, vV 44e,:
200-1400 mm/s), the melting mode was classified as conduction mode (since melt pool
depth/width ratio was systematically found to be <1, see Figure A-6¢) and not as keyhole mode.
The parameters used to fabricate 3D cubes (P: 164W-274W and vqger: 400-1400 mm/s) are also far away
from the typical keyhole regime reported in the literature for: 6061 Al-alloy (P: 500W, v4ce,: 16
mm/s) [124] and other Al-alloys (P: 450-750W, V4e,-< 100 mm/s) [76,125]. Moteover, we also tried
to estimate the typical normalized enthalpy (AH/hs) using equation 4.1, as suggested by Kiss ¢f a/. [120],
since it was frequently used as a parameter to compare conduction and keyhole melting mode [127-129].
The normalized enthalpy is estimated in Table 4-1 for the melting parameters (in the present study) and

the one that leads to keyhole from ref. [124]. For the melting parameters used in the present study, a
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normalized enthalpy of 5.4 was estimated which is comparatively lower than the normalized enthalpy of
24.5 (calculated for keyhole melting parameters reported in ref. [124] for the same 6061 Al-alloy).
According to Bertoli ef /. [129], a conduction melting mode will occur in most of the metals, when the
normalized enthalpy is less than 6. Thus, our analysis (low normalized enthalpy) suggests that the
melting mode employed in the present study is only by conduction melting and not by keyhole
melting. This is in agreement with what was observed in the bulk substrate experiments
(Appendix) with the hemispherical morphology of the melt pool. The normalized enthalpy of 24.5
found for the keyhole regime in 6061 Al-alloy, is less than the ones observed for stainless steel (AH/hs
=30) [126] and higher than for Ti-6Al-4V (AH/hs =17) [130]. Howevert, it is highly possible that, the
critical normalized enthalpy (conduction to keyhole transition) for the 6061 Al-alloy can be less than 24.5,

since it is very rare to find literature on 6061 Al-alloy, reporting that critical normalized enthalpy.
AH nP
hs np Cp Tliquidusv AVjgserT>

Where, AH is the specific enthalpy, hs is the enthalpy at melting, 7 is the absorptivity coefficient (assumed

equation (4.1)

0.6, based on the powder reflectivity of 6061 alloy, see Figure 4-2, P is the laser power, p is the density,
Cp is the specific heat capacity, Tiiquidus 1 the liquidus temperature, & is the thermal diffusivity, r is the

laser spot size and Vyqger is the laser scan speed.

Table 4-1 Constants used to estimate the normalized enthalpy for the two melting modes observed in 6061 Al-alloy.

Constants for 6061 alloy Conduction mode Keyhole mode
(optimized parameter) (Ref. [124])
Laser speed (Vigser) 600 mm/ s 16 mm/ s
Laser Power (P) 240 W 500 W7
Absorptivity (1) 0.6
Specific heat capacity 897 ]/ (kg K) [131]
p)
Density (p) 2700 kg/»’ [131]
Thermal diffusivity (o) 6.89 x 10° 7 /s [131]
Laser spot size (r) 70pm 140um
Liquidus (Tliquidus) 925K
Normalized enthalpy 5.4 24.5
(AH/hs)

Note that, the powers (=500W) used to obtain the keyhole mode (shown in Table 4-1) are way higher
than the maximum 274W achieved by the ProX200 machine used in the present study. Similarly, low laser

89
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speeds of 16 mm/s can significantly affect the low production rates and also affect the powder spreading
ability. Thus by further increasing the energy density (> 400]/m), technological issues, unstable (high
energy) melt pool morphology observed in powder layer experiments and evaporation of low boiling point

elements (Zn, Mg) [26] can become predominant.

Finally, based on the best relative density of 98.5%, the least lack of fusion porosity (0.3%) and
the least crack density (~19 cracks/mm?) obtained, the sample with process parameter (P: 240W,
Vigser: 600 mm/s) was considered as “optimized” and will be utilized for further advanced

microstructural characterization in the upcoming section.

4.2. Multi-scale characterization of the as-built microstructure (optimized parameters)

The second part of the chapter details the multiscale characterization of the samples produced using the
optimized parameters. A multiscale analysis of the microstructure was performed, starting with the
macrostructure (grain structure) to nano-scale microstructure to better understand the as-built 6061 Al-
alloy. A detailed microstructural study allowed us to identify the as-built microstructural features, including

the cracking pattern and its mechanism. This part of the chapter is divided into various subsections:
1. Experimental procedures
ii.  Macrostructure.
ii.  Cracking pattern: Identification of cracking pattern with respect to the microstructure.

iv.  Cracking mechanism: The section will concentrate on identifying the underlying cracking
mechanism occurring in the 6061 Al-alloy fabricated by L-PBF.

v.  Observation of the microstructure by SEM/TEM.

vi. Discussion on the as-built microstructural observations.

4.2.1. Experimental procedures

The macrostructure was observed using the scanning electron microscopes (SEM) and for understanding
of the microstructure, standard characterizations like electron back-scattered diffraction (EBSD) was also
used. The details of the sample preparation needed to use each technique, as well as the operating

conditions of the instruments are detailed below.

e Sample preparation

For microstructural observation, the as-built samples were cut in YZ and XZ planes respectively,

X being the laser scan, Y the direction transverse to the laser scan, and Z the build direction. The
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specimens were ground using silicon carbide paper until P4000 grit size and polished down to a
finishing step with a 0.03 u colloidal silica solution. To observe the melt pool boundaries, samples
were etched using Keller’s reagent (2.5% nitric acid, 1.5% hydrochloric acid, 1% hydrofluoric acid
in water) for ~10-15 sec. To perform EBSD analysis, the samples needed an additional vibratory
polishing step to get rid of the deformation caused by grinding. The vibratory polishing was done
on the Buehler Vibromet 2 machine. The samples were stuck to the sample holder with a double
adhesive tape. Using a microfloc disk and the colloidal silica solution along with Alumina (the
combination exists as Master met solution 200ml), the samples were polished with a subjected

weight of 100-200 g for a minimum of three hours at 60% of vibration.

e XRD /SEM/ EBSD

The as-built optimized cube was analyzed using X-ray diffraction (XRD) to detect the presence of
different phases/second-phase patticles formed and also to determine the texture. The analysis
was performed using Briicker D8 Advance. Polished samples of the as-built cubes and powders

were characterized by using the Cu K-a radiation.

The microstructure along the building direction (BD) was observed using the secondary electron
(SE) and back-scattered (BSE) modes in the ZEISS Gemini SEM500 FEG-SEM at 5kV
accelerating voltage. To have detailed information about the sample crystallographic information,
misorientation, microtexture, and grain size, electron backscattered diffraction (EBSD) was used
in the present study. EBSD maps at 20kV accelerating voltage in an 500x400 w»/ area acquired
with a step size of 0.3 um, wete collected on the XZ/XY-plane of the as-built sample. Post-
processing was done using ESPRIT and HKL Channel-5 softwares, in which the columnar grain

width was measured using the intercept method.

4.2.2. Macrostructure: grain structure

To get insights into the macrostructure of the as-built 6061, the cube with optimized parameters (with
EL=400 J/m (P: 240W, Vjgser: 600 mm/s)) was selected for further analysis. Figure 4-17a) shows the low
magnification image taken in a plane containing the build direction (along Z-axis). Cracks are oriented
along the build direction. Similarly, the melt pool boundaries are revealed using Keller’s reagent. The
average melt pool width (w) is measured to be about 152+£4um and depth (d) about 66+6pm. Since the
d/w ratio <1, it confirms once again that the selected sample has been processed under a conduction
mode of melting, in line with the analysis of normalized enthalpy displayed in Table 4-1. For a similar
process parameter, compared to the bulk substrate experiments, the depth found here is comparatively
smaller, this is due to the small layer thickness of 20 pm. However, the width is comparable to the ones
obsetved in the bulk substrate as well as the powder layer expetiments performed using E1=400 J/m. In

Figure 4-17a), the melt pools can penetrate inside the melt pools from the previous powder layer. Good
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adhesion between successive layers was observed. Moreover, due to the good adhesion, there was no trace
of interlayer defects such as delamination or lack of fusion defects located in between consecutive layers.

Thus, good consolidation behavior of the fabricated part was observed.
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Figure 4-17 a) Low magnification optical micrograph along the build direction (etched with Keller’s reagent)

taken from a cube fabricated with optimized parameters (E1=400 J/m). b) Pattern quality image measured
using EBSD. ¢) IPF-EBSD map of the 6061 cube sample normal to the X-direction of the cube sample. d)
(100), (111) and (110) Pole figures determined over the map shown in c).

Figure 4-17b) shows a high magnification pattern quality image from EBSD acquired in the plane
containing the building direction. For the sake of clarity, some melt pools are highlighted with black dotted

lines. Figure 4-17c) shows the Inverse Pole Figure (IPF) map of the same region of interest extracted
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from the as-built microstructure. To visualize the grain structure with respect to melt pool boundaries,
crystallographic orientations were determined on the exact same region as shown in Figure 4-17b). Based
on the IPF map, the microstructure consists of columnar grains oriented towards the Z-axis (build
direction), with an average width of about 60-70 u, estimated based on the intercept method. The grains
are found to be crossing several melt pools along the building direction. The columnar grains stretch along
the building direction over several hundreds of microns in length typically about ~400 pm. The sample
shows a significant number of cracks at grain boundaries. Therefore, cracking can be qualified as
‘intergranular cracking’. Since cracks follow the grain boundaries, cracks do also propagate over several

hundreds of microns.

During solidification, due to the local solidification conditions, there can be a preferred orientation of
some grains compared to other, i.e. formation of crystallographic texture. Generally, FCC metals having
<001> direction perpendicular to the melt pool boundaries grow faster than the other orientations [72].
According to the pole figure obtained using EBSD analysis in Figure 4-17d), the sample exhibits a
predominant micro-texture along the <001> direction, this direction being aligned with the build direction
(Z-axis), similar to the ones reported in refs [3,132]. The observed texture is due to the epitaxial growth
of the columnar grains along the <001> direction, since powder layers are built on top of each other and
the thermal gradient is mainly oriented along the building direction. A similar maximum texture intensity
(7.9) to the ones observed in the present study was reported by ref [133]. However, the observed value is
comparatively higher than the ones reported in ref [32], since in our case we rather used a simple scanning
strategy (without rotation between layer), whereas in ref [32] a rotation between layers was employed,

which possibly affected the texture intensity.

4.2.3. Cracking pattern

To understand the cracking sensitivity to grain boundary misorientation, a statistical analysis was
performed. Typical grain boundaries (GB’s) shown in the IPF map of Figure 4-18a) were classified
according to their misorientation, based on measurements carried out at ~45 cracked grain boundaries.
The grain boundaries were classified as high angle grain boundaries (HAGBs), characterized by a
misorientation angle ¢ > 15° and highlighted in ‘black’ in Figure 4-18b). Similatly, low angle grain
boundaries (LAGBs), defined as having a misorientation angle between 5° and 15° are marked in ‘white’
in Figure 4-18b). Misorientation angle less than 5° was not considered. The statistical analysis shown
in Figure 4-18c) shows that cracking occurs systematically along HAGBs. Moreover, LAGBs are
always found to be crack-free. This observation corroborates previous reports made for other alloy

systems, see e.g. [89][134].
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Figure 4-18 a) IPF-EBSD map normal to the X-direction of 6061 cube sample, showing intergranular cracking,.
b) IPF-EBSD map showing non-cracked low angle grain boundaries (5° < LAGB < 15°) marked in white and
high angle grain boundaries (HAGB > 15°) marked in black. c¢) Distribution of misotientation angle for cracked

and non-cracked grain boundaries.

It is also noticeable that cracking at grain boundaries is not systematic since many high angle grain
boundaries remain crack-free. Figure 4-19a)-b) show that cracking occurs preferentially in the central
region of the melt pool. A similar trend is observed in the top surface XY plane, as shown in Figure
4-19c). The average spacing between the cracks is found to be 9810 wm, which is comparable to the
hatch spacing set to 100 u in our experiments. This suggests that the solidification conditions at the
center of the melt pool are the most susceptible to cause hot cracking at GBs. Thus, another key

parameter identified for cracking is the spatial location of HAGBs with respect to the melt pool.
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Figure 4-19 2) & b) BSE-SEM contrast micrographs of the as-built 6061-alloy using the optimized processing
conditions (P = 240W and Vjqger= 600 mm/s). b) IPF-EBSD map of 6061 cube sample in XY plane.

The observation of cracking in the central region found in the current study, shows some striking
similarities with what has been reported in laser welding of Aluminum alloys, see e.g. [97][135][136]. The
centerline cracking observed in welding literature is due to the lack of liquid feeding in central dendrite
regions of the mushy zone [97][137]. According to Campbell [138], the orientation of dendrites located in
the central region can be detrimental to the cracking susceptibility, with a lack of ability to sustain tensile
strains. Similarly, the sensitivity of HAGBs to cracking is also reported in numerous refs [89][134] and the
coalescence undercooling model of Rappaz ez al. [6,85] can be utilized to explain its occurrence. According
to Rappaz ez al. [6,85] cracking can be influenced by the coalescence of dendritic arms. For highly
misoriented dendrites, their mutual coalescence can be delayed, compared to the dendrites belonging to
the same grains. This causes the liquid in the inter-dendritic region along the GB’s to be in the form of
thin continuous film, which is vulnerable to thermal induced strains. However, this theoretical model of
coalescence undercooling can be used to rationalize the HAGB cracking in the present study, only if the
cracking mechanism occurs by solidification cracking. The investigation of the cracking mechanism will

be discussed in section 4.2.4.
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To elucidate the local strain state of the as-built samples, the misorientation plots of the XY/ZY plane are
also generated with the EBSD technique. Such an analysis will provide the location within the
microstructure which is deformed compared to other locations. For example, as shown in Figure 4-20a)
& b), the grain average misorientation (GAM) map is shown for the XY plane and ZY plane, respectively.
In GAM maps, the misorientation of a given point with reference to the average misorientation of all the
points belonging to that particular grain can be observed. These kinds of maps are particularly used to
identify recrystallized grains and “strain-free” grains. The lower the deviation of misorientation at a given
point, the lower will be the strain associated. Thus, in Figure 4-20a)&b), the green/yellow zones denote
the high degree of strain in the vicinity of cracked grain boundaries. Along the region where the laser
tracks pass in Figure 4-20a), there is high misorientation, indicating a highly strained region near the grain

boundaries coinciding with the laser tracks.

Figure 4-20 a) & b) Grain average misorientation map of the XY and ZY plane, respectively.

4.2.4. Cracking mechanism

As already reported in the literature section, cracking mechanisms are classified into two categories: (i) hot
cracks and (ii) solid-state cracks [81]. Hot cracks form due to the presence of liquid films associated with
shrinkage and tensile strain in the mushy zone. The typical fracture surface of hot cracks shows a dendritic
morphology, demonstrating the evidence of trapped liquid films. Solid-state cracking occurs without the
presence of liquid films, contrary to the previous mechanism. One simple way to distinguish the type of

cracking is through the observation of the surface state around cracks. To do so, small tensile coupons
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with dimensions (10mm x 10mm x 1mm) have been machined from the as-built L-PBF cube samples.
The tensile coupons were not machined as dog-bone shaped (typically used for tensile testing), since
studying tensile properties was not the objective of the study but rather to reveal the key features regarding
the cracking mechanism based on fracture surface observations. The coupons were subjected to tensile
loading in the direction perpendicular to the BD, as shown in the schematic of Figure 4-21a). Those

coupons were loaded in tension to open the cracks and examine the fracture surface with the SEM.

Figure 4-21 a) Schematic showing how the tensile coupons were extracted from cube samples. b) Micrograph
of fracture surface demonstrating Marangoni convection inside the melt pool ¢) Low magnification SE-SEM
contrast micrograph of the melt pool. d) & ¢) High magnification SE-SEM contrast micrograph at the surface

of cracks.
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Figure 4-21b) shows the fracture surface after the tensile test, showing the low magnification image of
the melt pool. Figure 4-21b) shows the experimental evidence of the Marangoni convection [139]
happening during the solidification inside the melt pool. Cracks are seen to originate at the bottom of the
melt pool. Similarly, Figure 4-21c) shows the fracture surface after the tensile test. Few regions at the
boundary between melt pools, indicated by green arrows, exhibit dimples, which are characteristic of
ductile fracture. However, more importantly, a cellular/dendritic morphology is observed in almost the
entire fracture surface. This suggests that cracking occurred in the presence of liquid films trapped in the
growing columnar dendrites during the L-PBF fabrication. With this evidence of dendritic/cellular
morphology, the cracking mechanism is identified without ambiguity as hot cracking. Figure 4-21d) & €)
also confirm the cellular dendritic morphology in the central location of the melt pool, where cracking is
predominantly observed. Cellular dendrites with very limited secondary dendrite arms can be seen
in the vicinity of cracks. The average spacing between two primary dendrite trunks (PDAS) is
found to be about ~0.6 um. Interestingly, note that the average spacing between the secondary

dendrite arms (SDAS) is of the same order of magnitude.

In the literature, hot cracking can further be classified as solidification cracking and liquation cracking.
Solidification cracking occurs in fusion zones of melt pools, whereas liquation cracking occurs in the heat-
affected zone [18]. To clarify this point, Figure 4-22 shows the topmost layer of the L-PBF cube. Hot
cracks are observed inside the topmost melt pools (marked with ‘red” dashed lines in Figure 4-22), which
are not re-melted in comparison with the melt pools from previous layers (marked with ‘black’ dashed
lines). This suggests that hot cracks originate inside the fusion zone during the solidification, thus
qualifying the cracking mechanism as solidification cracking. The identified solidification cracking
mechanism in the 6061 Al-alloy fabricated by L-PBF, will further allow us to rationalize the HAGB
cracking with the help of the coalescence undercooling model of Rappaz ez 4/ [6,85]. This will be discussed
in Chapter 5, which is dedicated to developing a cracking sensitivity criterion using the Rappaz, Drezet,
and Gremaud (RDG) model [7].

L-PBF 6061 cube

Figure 4-22 Optical micrograph of the topmost layer of L-PBF cube sample along the building direction. The

cracks are denoted by the red arrows, and the topmost melt pools by red dashed lines.
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Summary

So far we have analyzed the cracking pattern, its location with respect to the melt pool and its sensitivity
to high angle grain boundaries. The fact that the 6061 Al-alloy is sensitive to cracking under welding
operations is known for years. However, the literature about the fundamentals mechanisms at the root
cause of cracks does not unanimously agree on a given mechanism: solidification cracking or liquation
cracking. Without experimental evidence of the present work, both may operate according to the welding
literature [18,140]. In the current work, this ambiguity regarding the governing mechanism for the
fabrication of the 6061 Al-alloy by L-PBF is resolved. The upcoming sections will be focused on detailed
microstructural characterizations at an intra-granular level to identify the key features of the as-built 6061
Al-alloy.

4.2.5. Microstructure

e SEM observations

In the literature of 6061 alloy during L-PBF, not much information regarding the microstructure and in
particular the nature of the second-phase particles has been reported. Since the major issue with this alloy
is its cracking sensitivity, most of the literature was focused on solving the cracking issue rather than
understanding microstructure formation in detail in the context of fabrication by L-PBF [3,4]. For
example, out of the reported work on L-PBF of 6061 Al-alloys, only Uddin e a/. [3] reported the presence
of ~200 nm dispersoids of Al-Si-O in the as-built samples. However, their claim was only based on energy
dispersive X-ray spectrometry (EDS) analysis performed in SEM and would deserve further analyses to

be confirmed.

The as-built microstructure of 6061 Al-alloy fabricated by L-PBF revealed by chemical etching is shown
in Figure 4-23. Several BSE-SEM images with different magnifications acquired in the plane containing
the build direction are shown for the sample built with optimized conditions (EL=400 J/m). The L-PBF
microstructure shows a lot of cracks along the grain boundaries as shown in Figure 4-23a). Moreover,
several second-phase particles revealed thanks to chemical etching appear in dark Figure 4-23b)-d).
Those second phase particles are homogeneously distributed throughout the sample. These second-phase
particles are present in the grains as well as along the grain boundaries, see Figure 4-23c)-d), similar to
what was observed by Uddin e 4/ [3]. These second-phase particles exhibit a rather spherical morphology.
Similarly, their size ranges from 50-450 nm with the majority of the particles belonging to the 0-50 nm
size group. The average spacing between these particles is roughly ~200-300 nm. Similarly, according to
Figure 4-23b)-c), the primary dendrite arms can also be observed growing along the build direction. The
PDAS from the microstructure was found to be ~0.5-0.6 um, similar to what was observed in the fracture
surface observation of Figure 4-21. There are also other type of particles, observed with a brighter contrast
in the BSE image shown in Figure 4-23c). Compared to the dark second-phase particles, these white

particles are fewer, coarser (typical size of about 200nm), and not homogeneously distributed within the
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microstructure. The fact that they appear white in the BSE contrast image, indicates that those are

composed of heavy solutes present in the 6061 Al-alloy.

Figure 4-23 a)-d) Typical 6061 Al-alloy L-PBF as-built microstructure revealed by chemical etching (BSE-SEM

contrast) at various magnifications extracted in the plane containing the build direction.

Since these dark second-phase particles observed in the as-built etched microstructure seem to be
numerous, X-ray diffraction (XRD) was carried out in an attempt to get some insights regarding their
crystallographic nature. Figure 4-24 shows the XRD pattern from an analysis performed in the XY plane.

The diffraction peaks from the powder are also shown for comparison.

The diffraction pattern of the as-built samples, along with the one of the as-received powder, shows the
presence of FCC-Aluminum (see Figure 4-24). No other peaks corresponding to the second phase
patticles were detected, probably due to the small size of the second-phase particles and/or their relatively
low volume fraction. Similar peaks were also reported by Uddin ¢z a/ [3], where they were not able to
detect the presence of second-phase particles using XRD. A similar set of diffracting planes is also
observed for the 6061 powder (TLS), indicating that no other phase can be detected by XRD in the powder
neither. However, comparing the intensity of the as-built and powder sample XRD peaks, the (200) from
the as-built cube has higher intensity. This indicates that the as-built sample has a predominant texture
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with most of its planes belonging to {100} family of planes as already revealed in the EBSD-IPF maps
displayed in Figure 4-17d).

To summarize, despite the presence of second-phase particles in the as-built microstructure, classical
laboratory XRD was not able to detect those phases. To further investigate these phases, TEM imaging
combined with chemical analyses with EDX was carried out. This will help to collect information regarding
the nature of the solutes contained in those second-phase particles and will be presented in upcoming

section.
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Figure 4-24 X-ray diffraction analysis on the as-built cube (XY plane)-top and the gas atomized TLS powder —

bottom.

e TEM observations

To date, it is very rare to obtain experimental evidence related to second-phase particles in the framework
of 6061 Al-alloy microstructures produced using L-PBF. The objective of using transmission electron
microscopy (TEM) is to identify which solutes are enrichment in those second-phase particles already

revealed in Figure 4-23 and also detect possible segregation of elements along the GB’s.

Focused Ion Beam (FIB) lift-out method using a Thermo-Fisher Strata 400S FIB-SEM instrument was
used in the study. The advantage of FIB is that the region of interest can be selected to prepare the lamellas.
Using the FIB lamellas, the TEM characterizations were performed on the Thermo-Fisher Osiris Tecnai
instrument, having an Extreme field emission gun (X-FEG) operating at 200 kV. Energy dispersive X-ray
(EDX) analysis was performed in STEM mode, with the TEM equipped with four Silicon Drift Detectors
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4.2 Multi-scale characterization of the as-built microstructure (optimized parameters)

technology. The resolution depends on the size of the electron probe used; here in our study, we used a

spot size of 0.1 nm.

The plane containing the build direction of the sample with optimized processing conditions was used to
extract the FIB sample as shown in Figure 4-25. Vibratory polishing was used to prepare the sample for
FIB extraction. Figure 4-25 shows the micrographs of the location of TEM sample with respect to the
cracks and melt pool locations. Two types of grain boundaries (cracked and non-cracked) were selected
to be part of the FIB sample (indicated by ‘black square’ in Figure 4-25b)). These two types of GBs were
purposefully selected to investigate the possible difference in segregation or the nature of the second-
phase particle. Both of these GB’s were HAGB:s.

Figure 4-25 a)-b) SEM-BSE micrographs (not chemically etched) taken along building direction with
increasing order of magnification. The FIB sample was extracted in the location indicated by the ‘black square’

in b).

Figure 4-26a)-c) shows different micrographs acquired during the process of FIB lamella preparation.
The length of the prepared lamella was around 20 um with a thickness around 110 nm. The two grain
boundaries: non-cracked and cracked are highlighted in green and red in the prepared FIB lamella, see
Figure 4-26¢).
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Chapter 4. Process parameter optimization and microstructural observations

Cracked GB
Non-Cracked GB

Figure 4-26 a) & b) SEM-SE micrographs (not chemically etched) showing the location of FIB sample with
cracked GB (marked in red) and non-cracked GB (marked in green). ¢) FIB lamellas having a cracked GB and
non-cracked GB.

Corresponding to these non-cracked and cracked GB of the FIB lamella in Figure 4-27a), a low
magnification first view TEM images were obtained as shown in Figure 4-27b) & c). Figure 4-27b)
shows the entire view of non-cracked GB along with the surrounding matrix using a HAADF image (left)
and a BF image (right). Similarly, Figure 4-27c) shows the HAADF and BF images of the cracked GB.
In both Figure 4-27b) & c), the respective GB’s are highlighted in green and red dashed-lines. Both GB’s,
the non-cracked GB in Figure 4-27b) (HAADF image), the cracked grain boundary in Figure 4-27c)
(HAADF image), appear with a brighter contrast in comparison with the FCC-Al matrix. This observation
indicates that some heavy elements are segregating at the GB’s. Another observation from HAADF images
of Figure 4-27 is that there are evidences of the presence of bright second-phase particles inside the
grains. These are the same second-phase particles which appeared to be dark due to etched sample state
in the BSE-SEM image shown in Figure 4-23. This suggests that chemical etching caused the particles to
appear in dark in BSE-SEM image because those are likely to be dissolved. However in reality, those
particles are enriched with heavy elements. These fine second-phase particles inside the grains have mostly

a spherical morphology, an average size of roughly ~100 nm and are separated by roughly ~200 nm.
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Cracked GB
Non-Cracked GB

* Second-phase particles
inside grains.
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Figure 4-27 a) FIB lamella with cracked (red) and non-cracked GB (green). b) & ¢) HAADF (left) image and
BF (right) image taken from a region including the non-cracked GB and cracked GB, respectively.

@) Cracked GB

Figure 4-28a) shows the overview of the cracked GB along with HAADF and BF images. Figure 4-28b)
& c) shows the magnified top and bottom region of the cracked GB, respectively. The HAADF image of
the top region (Figure 4-28b)) shows a continuous bright film decorating the GB. Besides, certain bright
second-phase particles are also observed along the GB. Similatly, on the magnified image of the bottom
region (Figure 4-28c)), the HAADF image shows the presence of bright-contrasted second-phase
particles along the GB.
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Figure 4-28 a) HAADF (left) image and BF (right) image of the cracked GB. b) HAADF image of the top
region of the cracked GB. ¢) HAADF (left) image and BF (right) image of the bottom region of the cracked
GB.

The STEM-EDX maps of Figure 4-29 extracted from the cracked GB, show the distribution of different
solute elements Si, Mg, Cu, Fe, Cr. There is high enrichment of Si/Mg/Fe along the GB. Similarly, Cu/Ct
segregation is also observed along the cracked GB. Moreover, the white rich second-phase particles
along the GB observed in the HAADF image are identified as Si-Mg-Fe enriched particles along
the grain boundary with few instances of Cu-rich particles aswell. These Cu-rich precipitates were
only observed along the GB’s and not in the Al-matrix. These Cu-rich phases are not perfectly circular,
they are oval and have their size ranging between 40-60 nm. Similarly, the homogeneously distributed
second-phase particles in the matrix are majorly composed with Si/Mg/Fe with little Cu
surrounding them. These are also the elements that were found to decorate the GB’s. Thus, no
significant difference was observed between the second-phase particles along the GB’s and inside the
grain, except for the fact that Cu-rich second-phase particles were predominantly observed along the GB’s.
Moreover, we also see little evidence of oxygen, surrounding these second-phase particles. The presence
of oxygen around these particles was probably the reason why Uddin e# /. [3] concluded that these were
Al-Si-O dispersoids. However, in reality, oxygen is not present in majority in comparison to Si/Mg/Fe
elements in those second-phase particles. Thus, these majority of the second-phase particles are not in

agreement with the Al-8i-O dispersoids reported by Uddin ez a/ [3].
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Figure 4-29 HAADF image of the top region of the cracked GB and the corresponding STEM-EDX maps

showing various solute elements.

At another location within the cracked GB as shown in Figure 4-30, exactly similar segregations to the
ones revealed in Figure 4-29 were observed. Si, Mg, and Fe were found to segregate along the GB.
Similarly, slight segregation of Cu and Cr was also observed in lines with the ones revealed in Figure 4-29.
This indicates that the cracked GB was uniformly segregated along its entire observed length. In addition,

a similar Cu-rich second-phase particle was observed along the cracked GB.
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Figure 4-30 BF image of the bottom region of cracked GB and the corresponding STEM-EDX maps

showing various solute elements.

(ii) Non-Cracked GB.

Figure 4-31a) shows the overview of the non-cracked GB and Figure 4-31b) gives a magnified image of
its bottom region. The decoration of the non-cracked GB in the magnified image of Figure 4-31b) appears
to be non-uniform, i.e. the bright region in the HAADF image is not continuous. However, looking at the
low magnification HAADF image in Figure 4-31a), the top region of the GB appears to be brighter than
the bottom region. This explains why a non-uniform bright region in the magnified bottom part of the
non-cracked GB was observed. It seems that the bright region observed along the GB in the HAADF

image can be location specific and extracting conclusions must be dealt with care.
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4.2 Multi-scale characterization of the as-built microstructure (optimized parameters)

The top region of the non-cracked GB has some second-phase particles along its GB (see HAADF of
Figure 4-31a)) and the bottom region of the GB has no evidence of these particles (see HAADF of
Figure 4-31b)). However, to be able to validate these observations, further statistics would be required.
For example, several non-cracked GB’s must be studied to consolidate the results in terms of segregation

and decoration by second-phase particles.

200 nm
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Figure 4-31 2) HAADF (left) image and BF (right) image of the non-cracked GB. b) High magnification
region of the non-cracked GB, HAADF (left), and BF (right).

To verify the extent of solute segregation, STEM-EDX mapping for several solutes was performed on
bottom part of the non-cracked GB, as shown in Figure 4-32. Of the solutes present in 6061 Al-alloy,
Si/Mg/Fe were found to segregate along the non-cracked GB, but, non-uniformly. Again, this non-
uniformity is arising due to the location where this EDX analysis was performed on the non-cracked GB.
If the STEM-EDX analysis was performed on the top region of non-cracked GB, probably we would
have seen exactly similar trend like the one observed for the cracked GB. This is also one of the reason
for a lower level of Cu/Cr segregation observed in Figure 4-32, since the bottom region of non-cracked
GB appears to be less segregated compared to the top. Thus, as raised previously, further statistics might
be necessary. The second-phase particles present inside the grains (near the non-cracked GB) as seen in
Figure 4-32, show the exact same chemistry as the one observed for the matrix in the vicinity of cracked

GB’s (see Figure 4-29). These second-phase particles inside the grain are always enriched in Si, Mg, and
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Fe with Cu surrounding them. Thus to conclude, based on observations on only two GB’s (cracked and

non-cracked) we did not detect any significant differences in the nature of the second-phase particles.

Figure 4-32 HAADF image of the non-cracked GB and the corresponding EDX maps showing various solute

elements.

4.2.6. Microstructure: Discussion

According to the as-built microstructure presented in Figure 4-23, at first glance, it appears to be quite
different compared to the casting and welding microstructures of Figure 2-5 and Figure 2-6 reported in
the literature section of Chapter 2. The L-PBF microstructure contains a lot of cracks along high angle
grain boundaries as shown in Figure 4-23a). Moreover, there is no evidence of the Chinese script

morphology of second-phase particles along the grain boundaries. Also besides, the primary dendrite arm
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spacing is smaller (~0.5-0.6 um) compared to the other conventional processes (100-200 wm)|[141], this is
due to the high cooling rates associated with the L-PBF process.

The multi-scale characterization study employed on the as-built 6061 Al-alloy going from macrostructure
to microstructure was the first of its kind. In comparison to the reported literature on 6061 L-PBF, the

present work reports various interesting features that were not reported before:

e Cracking location with respect to melt pools and their sensitivity to HAGBs positioned in the
central region of the as-built 6061 Al-alloy. The centerline cracking and the HAGB cracking was
well known in welding literature but not in the framework of L-PBF.

e The presence of second-phase particles located inside the grain and along the GB in the as-built
microstructure was observed. Those are rich in Si/Mg/Fe with very less evidence of Cu are mainly
present in Al-matrix. The ones along the GB’s are enriched with similar elements: Si/Mg/Fe with
presence of Cu-rich second-phase particles. These observations were based on TEM analysis along
the GBs and not on SEM-EDX analysis as in the work of Uddin ez 4/ [3] that claims the presence
of Al-Si-O particles.

e Evidence of grain boundary segregation in the as-built 6061 Al-alloy was rarely reported prior to
the present work. In comparison to the AlSi10Mg L-PBF microstructures, where only Si is found
to readily segregate along the GB’s, our observations for the 6061 Al-alloy suggest that other
solutes (Mg, Fe, Cu and Cr) can also segregate along the columnar GB’s. This observation is in
agreement with the calculation done as a part of the study to estimate the partition coefficient of
different solutes. Si, Mg, Fe, Cu and Cr were found to have a partition coefficient less than 1,
suggesting their affinity to segregate in the interdendritic regions and along the GBs. In line with
the literature, these solutes have a partition coefficient (k=Cs/CL <1) in Al, indicating less
solubility in solid compared to liquid [142][141].

Speaking in terms of the possibility of these second-phase particles observed in 6061 alloy literature
[72](73], the frequently reported phases are: a-AlFeSi (a-AlsFe»Si), MgoSi, and ALCu. In the present study
and the 6061 L-PBF literature (as-built condition), the presence of strengthening phases like Mg>Si phase
(8" and ) was not observed. This probably resulted into a lower hardness (~55-60HV) of the as-built
6061 Al-alloy, which is far less than the T6-condition hardness of 119 HV (refer to Table 2-2). According
to the differential thermal analysis (IDTA) analysis performed by Giraud ez a/ [73] on 6061 Al-alloy, the Fe
containing phases were identified to form before any other phases (like Mg,Si), during the solidification.
Similarly, Cu-rich particles were observed along the GB’s during the TEM analysis. In the literature, there
are several instances where Al,Cu second-phase particles have been reported in Cu-containing Al-alloys,
see refs [143,144]. Thus, the observed Cu-rich second phase particles along the GB’s in Figure 4-29 could
be the AlLCu phase. However, to be sure about all these possibilities, the diffraction pattern of these

particles must be carefully analyzed.
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4.3. Summary of Chapter 4.

e Using the powder layer experiments (1D-2D tracks), the processing regime was identified based
on the stable fusion parameters without the presence of balling/humping. This was the first of its
kind of process parameter optimization done for the 6061 Al-alloy in the L-PBF framework. No
other reports in literature were found to perform such bottom-up optimization studies on the 6061
Al-alloy in the framework of L-PBF.

e Using the identified stable processing regime, cubes were fabricated using I-PBF. The sensitivity
of defects (cracks and porosity) to processing conditions was performed and it was found that
crack density tends to decrease with increasing linear energy density. Also besides, different types
of porosities (metallurgical and lack of fusion) were identified in the as-built cubes and their
sensitivity to processing conditions were discussed. The highest relative density of 98.5% was
obtained for the process parameter (P: 240W, Vg5, 600mm/s, hatch: 100, layer thickness: 20y,
laser spot size: 70p) using a parallel scan strategy without rotation between the layers and thus was
considered as “optimized”. The optimized parameters led to no lack of fusion defects but cracks

were still present.

e Multi-scale characterization of the optimized 3D cube was performed. Inter-granular columnar
cracking was observed and cracks were found to occur only along at HAGB’s (6>15°). Cracks

were systematically found to be in the central GB region, inside the melt pool.

e The ambiguity regarding the governing mechanism occurring during L-PBF of the 6061 Al-alloy
was finally resolved. The cracking mechanism was identified as solidification cracking, thanks to
the cellular dendritic morphology observed in the fracture surface as well as the occurrence of

cracks in the topmost melt pool.

e Detailed microstructure analysis of the as-built 6061 microstructure was performed on several
length scales using SEM/TEM analysis. Several second-phase patticles wete identified in the as-
built samples in addition to GB segregation.
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5. Developing cracking sensitivity criteria (based on RDG model)

I n the previous chapter, we have resolved the ambignity about

the cracking mechanism and shown evidence of solidification
cracking. Experimentally, we have identified two criteria for
cracking to occur, namely, a) cracks specifically propagate
along HAGB's and L AGB’s are crack-free, b) cracks must
be located along the central GB inside the melt pool.

This chapter focuses mainly on rationalizing experimental
observations about cracking through thermal modeling and
the use of hot cracking criterion. The chapter details the
methodology used to provide the reasoning for cracking in
6061 grade during the 1.-PBF process and consequently
establishes a cracking sensitivity criterion based on Rappaz,
Drezet & Gremand (RDG) model.
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Chapter 5. Developing cracking sensitivity criteria (based on RDG model)

5.1. Rappaz, Drezet & Gremaud (RDG criterion)

Since the L-PBF of the 6061 Al-alloy encounters a solidification cracking mechanism as discussed in
section 4.2.4, the RDG criterion is employed to evaluate the hot cracking sensitivity in the current study.
Compared to various hot cracking models reported in the literature section, the Rappaz-Drezet-Gremaud
(RDG) model is selected, since it can take into account the material parameters (solidification path: f(1))

and L-PBF process parameters (thermal gradients: G, solidification velocity: ).

The RDG criterion has been widely addressed in cracking issues of laser welding, see e.g. [89][96]. Rappaz
¢t al. | 7], proposed a hot tearing criterion that mainly deals with liquid films trapped inside the growing
columnar dendrites. The criterion quantifies the pressure drop in the liquid located in the inter-dendritic
region, which if falls below a critical cavitation pressure, can nucleate a void and eventually cause hot
cracking. The total pressure drop (Pl results from two contributions: contraction of the solid with
cooling (thermal strains), and shrinkage due to the difference of density between the solid and the liquid.

As the liquid has no mechanical resistance, nucleation of a cavity in the presence of thermal strains leads
to hot cracks. Thus, hot cracking can occur when the total pressure drop (ZPiowl) as mentioned in

equation 5.1, exceeds a critical value (A Peitical), i.€. no longer has the capacity to be fed by the liquid. As
a result, the hot cracking sensitivity can be directly related to the pressure drop in the liquid. This

pressure drop is given by:

Aptotal = APdeformation + APshrinkage
180 (1 + B)u le E(T)f,(T)?
G (1- ()
180vpu (T f(T)?
! (1-£M)’
gc s

with E(T) = = f;; f:(DET) dT

dT

dT . (equation 5.1)

T1—Tye
L=—*

- (equation 5.2)

where APl is the total pressure drop in the liquid film, APdeformation the pressure drop caused by thermal
strains and APshinkage the pressure drop due to shrinkage; § is the solidification shrinkage coefficient, #
the dynamic viscosity, A the characteristic length of the microstructure (typically the secondary or primary
dendrite arm spacing); G the thermal gradient, » the solidification front velocity, f5(T)is the fraction of

solid as a function of temperature, T,. the coalescence temperature beyond which the feeding

problem is no longer considered because the liquid film has collapsed into small drops (no
continuous liquid films), T} the liquidus temperature; € the strain rate of the solid normal to the dendrite
growth direction (which will be assumed to be temperature independent in our calculations), and, L. is

the length of the mushy zone. According to the definition of the mushy zone, it is defined as T1-T'solidus,
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however, here we define it as T1-Tgc because we consider that once the temperature reaches Tgc, the liquid

remains only as liquid pockets.

The integrals in equation 5.1, runs from the temperature of Tgc to T1, which are considered here as the
bounds to define the mushy zone. Thus, the length of the mushy zone (L) that is embedded between

these bounds, is given by its temperature difference divided by the thermal gradient, as mentioned in

equation 5.2.

The model input parameters are the solidification path (given by the solid fraction fras a function of

temperature for the 6061 Al-alloy), the thermal gradient G and solidification front velocity », the
characteristic length of the microstructure (primary or secondary dendrite arm spacing A), and, the
coalescence temperature Tyc. These inputs, in the cutrent study, will be best rationalized in the following
sections by taking into account the experimental observations (cracking along HAGBs and position of the

crack within the melt pool) and utilizing the solidification conditions typical of L-PBF with the help of the

Rosenthal calculations.

5.2. Thermodynamic calculations.

In our study, the software FactSage [145] with the Egui/ib module was used to run the solidification
calculations on the 6061 Al-alloy chemical composition, provided in Table 3-1. Using an F1/ite element
database, the Scheil —Gulliver model was used to predict the solidification path and understand the phase
formation. Several compounds and solution phases were excluded, to retain only phases that were reported
in the literature [146]. Thus, only a-Al, Mg»Si, and Si were retained in our calculations describing the
solidification of the 6061 alloy. Using Scheil-Gulliver assumptions [63] which assume infinite diffusion in
liquid, no diffusion in solids, and equilibrium at the solid/liquid interface. The theoretical understanding
of the model is detailed below.

5.2.1. Introduction to Scheil-Gulliver Model.

During solidification of an alloy in liquid state having a uniform composition, the final solid is barely with
a uniform composition. The solutes present in the alloy tend to redistribute themselves, and this
redistribution depends on the alloy thermodynamics, phase diagram, fluid flow, etc [81]. Thus to best
describe the thermodynamics of the L.-PBF process, we used the Scheil Gulliver model, which does not

take into account the diffusion in solid and considers infinite diffusion in liquid.

At the beginning of solidification, the first solid to form has kCo as its composition, where k is the partition

coefficient defined as (k= Cs/Cr), where Cs refers to solid composition, Cy. is liquid composition and Co

is the composition of alloy. The value of k depends on the temperature. It also depends on the
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solidification velocity [147], but to obtain k as a function of solidification velocity needs important research

efforts, which is considered out of the scope.

At an intermediate temperature, the solid and liquid have Cs and Ci. composition, respectively. Since
diffusion is solid is neglected, the solid composition rises from kCp to Cs, while the liquid stays
homogenized at Cy. It must be noted that Cr.and Cs will also vary as a function of temperature according
to the given phase diagram, and thus they vary as a function of the solid fraction (f5). During solidification,
the amount of solute must be conserved, i.e. the content of solute in liquid and solid, should equal the

initial content of solute in liquid before the solidification starts. By performing such mass balance, one can

obtain Equation 5.3, which is referred to as the Scheil equation [81].

Cs = kCq (1- fs)** or CL=Co(1-fs)*!  (equation 5.3)

Equation 5.3 can be written as Equation 5.4 to obtain the solid fraction (f5) as a function of given
temperature, since Cr(T) and Cs(T).

1

Col1-k .
fs=1-— [C—Z]l « (equation 5.4)

It must be pointed out that, in comparison to equilibrium solidification, where at any moment in time, the
composition of solid and liquid is uniform, the Scheil model always predicts the solute segregation
(depending on the value of k). Moreover, solute trapping is also not considered with the Scheil-Gulliver

model.

Finally, the Scheil-Gulliver model can be applied to the multi-component system like 6061 Al-alloy. With

the help of the Scheil model and its implementation in FactSage software, it is possible to estimate:

Solidification path of the alloy, f5(T)
The sequence of phase formation.

Composition of liquid and solid as a function of solid fraction.

o

Composition of phases as a function of solid fraction.

5.2.2. Solidification path of 6061 Al-alloy (£)

Figure 5-1 shows the predicted temperature as a function of the solid fraction for the alloy investigated
in this work. The liquidus temperature is Tiquidus(=0) = 652°C, the coalescence temperature is Toc =
558°C, taken here at f5=0.97 (fraction of coalescence determined experimentally for the 6061 Al-alloy, see
[73]) and the solidus temperature is Tsolidus (5=7) = 510°C. These data will be used as input in the RDG
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5.3 Rationalizing cracking at HAGB's

model. Using Scheil-Gulliver assumptions, the solidification temperature range T1 —T'solidus is about 142°C

and with equilibrium solidification, it is around 67°C.
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Figure 5-1. Solidification path of the 6061 Al-alloy, showing the solidification path T(f) using Scheil-Gulliver

assumptions (no diffusion in solid and infinite diffusion in liquid).

5.3. Rationalizing cracking at HAGB’s

According to equation 5.1, to predict the cracking sensitivity by estimating the pressure drop, it is
necessary to get an estimation of Ty The standard RDG model does not consider the role of grain
boundaries misorientation on the hot cracking sensitivity. Since the RDG model was formulated for a
growing dendrite. As shown in refs [6,85], the presence of high angle grain boundaries makes liquid film
stables at lower temperatures. To include this effect, we apply the theoretical coalescence model during

the last stages of solidification, see the pioneering work in [0].

5.3.1. Coalescence undercooling

The Coalescence model developed by Rappaz e# al. [6] predicts that for a grain boundary with high
misorientation (HAGB), the coalescence temperature will undergo an additional undercooling that will

further decrease its coalescence point. This coalescence undercooling denoted by ATundercooling, is
responsible for lowering of Ty, strongly depends on the grain boundary energy (Yeb) and solid-liquid

interface energy (Ys1).
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The coalescence undercooling (AT undercooling) is often described as the difference between the coalescence

temperature for attractive GB and repulsive GB. Here, the term ‘attractive GB’ refers to the boundaries

that do not require any energy to bridge; as soon as they are near each other (within the thickness of the
solid-liquid interface, ), they coalesce. In other words, an attractive GB do not need any undercooling for
bridging whereas a ‘repulsive GB’s’ needs further activation energy in the form of undercooling to bridge
themselves. These boundaries are therefore classified according to their grain boundary energies (Ygb)

based on the following conditions mentioned in [6]:
- attractive GB: ygp < 2.ys1,
- repulsive GB: ygb > 2951,

To explain the above relations, consider the case for repulsive GB’s and where the thickness of liquid film
(h) is diminishing, between the two grains of different misorientations, as shown in Figure 5-2. When the
liquid film thickness (h) is high, i.e. the solid-liquid interfaces are separated by a distance ‘h’, the excess
free energy of the system is denoted by the two contributions from two solid-liquid interfaces, adding the
total to 2.ps1. When the liquid film thickness gets closer to 0 (h=>0), i.e. the coalescence happening
between the two dendrites from neighboring grains, the excess free energy equals the grain boundary
energy (Vgb). Since it is the case for misotiented grains, i.e. Y>>0, an additional undercooling is required
to make the liquid film unstable and promote coalescence. However, for the case where dendrites
belonging to the same grain (ygb=0), i.c. no mutual misorientation, as soon as the liquid film thickness
reaches the critical value 6, there is a gain in the energy of the system, which is utilized to solidify the last
liquid film. Thus, making it ‘attractive’ in nature. Thus depending on the misorientation of dendrites

between two neighboring grains, they can be classified as attractive or repulsive.

Grain 1 Liquid Grain 2

- I .
0 Yab = g J AG(x)dx

> ]

Figure 5-2. Atomistic view of liquid film thickness diminishing between the two neighboring grains (0 # 0)

during coalescence and schematic of excess free Gibb’s energy as a function of location, adapted from [85].
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As shown in Figure 5-3a), typically ygp increases as a function of the misorientation angle  until reaching
a given misorientation (without considering the coincident site lattice (CSL) grain boundaries or Y} GB’s).
Therefore, A Tundercooling also depends on the misorientation. As shown in Figute 5-3b), two coalescence

temperatures can be considered for dendrites belonging to the attractive boundaries or repulsive

boundaries. For the dendrites belonging to the same grain (attractive GB), i.e. the mutual misorientation
is low enough for them to coalesce immediately when the temperature reaches Tye. On the other hand,

for dendrites belonging to different grains (repulsive GB), i.e., having high mutual misorientation, they

will coalesce at a later stage. This delay in coalescence for dendrites from two different grains, with high

misotientation (HAGB’s) makes the liquid film persist at temperatures below Tic.

a) Yab
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-— E _—
attrftive E repulsive
misorientation 0
T
b) Attractive GB * Repulsive GB
: | =
Tgc [l
Tgr'A Ellnlercaaling
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Figure 5-3 a)Schematic of grain boundary energy as a function of misorientation angle (0) [85]. b) illustration

showing the columnar dendrites growing with different misorientation, adapted from ref.

As a result, according to Rappaz’s coalescence model, the HAGBs will bridge at a lower Zgc due
to this coalescence undercooling, compared to LAGBs. Introducing this coalescence undercooling in
the RDG criterion allows the influence of GB misorientation on cracking sensitivity to be evaluated. Here,
we assume that the coalescence for the 6061 Al-alloy happens at a given temperature estimated based on
the solidification path taken at /5 = 0.97 [73], and the additional contribution arising from this coalescence

undercooling effect is estimated using equation 5.5.
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Chapter 5. Developing cracking sensitivity criteria (based on RDG model)

__ Ygb — 2Vs-1 .
ATundercooting = W (equation 5.5)

where, g is the grain boundary energy; 5118 the solid-liquid interfacial energy; 1S¢is the entropy of
fusion, and 0 is the thickness of solid-liquid interface. However, to predict the coalescence undercooling,

a better estimation of grain boundary energy as a function of misorientation angles is needed. The

following sections will discuss the methods analyzed to obtain the pgb(8).

5.3.2. Estimating grain boundary energy Ygb(0)

To estimate the grain boundary energy (Jgb) as a function of the misorientation angle, various methods
have been reported. N. Wang e¢7 /. [89] used the theoretical model of Read-Shockley [148] which is based
on dislocation theory. Gain boundary is a defect in the crystal orientations, which has excess free energy
per unit area. Read and Shockley [148], came up with an idea of assessing the grain boundary anisotropy.
They considered the tilt grain boundary to be composed of several edge dislocations. Since edge
dislocations possess certain energy, the energy of the tilt grain boundary is nothing but the individual sum
of energies of each dislocation along with their interaction energy. By increasing the misorientation, the
number of edge dislocations will increase linearly, thereby increasing the energy of the GB. However, the
model of Read-Shockley does not take into account the intra dislocation interactions and thus needs a
high separation between neighboring edge dislocations to neglect their contribution. This makes the model
only valid for small misorientation less than 15°. Equation 5.6, denotes the grain boundary energy
according to the dislocation model of Read-Shockley [148].

= __Gsb& 1-1 g ) (equation 5.6)
* n on o.
Yob 41(1 —p) Om 1

where, Jgbis the grain boundary energy; 4is the burgers vector; G is the Shear modulus, p is the Poisson’s
ratio and 8, is the misorientation angle at which 4, is maximum. Thus, depending on the selected 6y,
the Y45 can be estimated as a function of 6 until § reaches 0. Table 5-1 summarizes the constants used

to estimate ¥gp, using the Read-Shockley model.

Table 5-1 Constants for pure Al used to estimate grain boundary energy (Read-Shockley model [148])

Constants Value
b (Burgers vector) 2.85x 10" m [149]
G (Shear modulus) 2.6x 10" N/m?* [149]
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5.3 Rationalizing cracking at HAGB's

p (Poisson’s ratio) 0.33 [149]

Figure 5-4 shows the estimated grain boundary energy for 6061 Al alloy using equation 5.6. For
increasing values of 6y, the y 4, (0) increases, similar to the schematic of Figure 5-3. Thus, Read-Shockley
is an option to be employed in present study but the model is valid only for small misorientation angles.
To obtain data reporting the GB energy vs misorientation for Aluminum, further literature was looked

upon.
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Figure 5-4 Grain boundary energy as a function of misorientation angle (based on estimation using the Read-
Shockley model)

Another method to calculate the grain boundary energy is using atomistic simulations. M. A Tschopp e#
al. [150] employed atomistic simulation to estimate Jyp(6) for pure Aluminum, which can be applied even
in the high misotientation regime. Since the current study deals with sensitivity towards HAGB, p,b(0) for
pure Aluminum was adapted from the simulations mentioned in refs [150][151], as shown in Figure 5-5
(a). The grain boundary energy Vg () is plotted for various tilt boundaties oriented in different directions.
There is a transition from attractive GB to repulsive GB when: ¥sb = 2. .1, which corresponds,
for Aluminum, to a misorientation of roughly fh«= 5° (J1(Al) = 0.12J/m?). f..+is defined as the
misorientation angle corresponding to the transition from attractive to repulsive interfaces. Thus,
two regimes can be distinguished in the pgn(8) curve: (i) attractive GBs for misorientation < 5°, and, (ii)
repulsive GBs for misorientation larger than 5°. It should be also noted that the Y (0) reaches a plateau

for misotientations close to 20°. Note that the averaged Y, () from Figure 5-5a) is not far from the one
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Chapter 5. Developing cracking sensitivity criteria (based on RDG model)

predicted by the Read-Shockley model in Figure 5-4 for 6, =30°. The averaged fitting of the three tilt

boundaries shown in Figure 5-5a) was finally used to define Ygb(8).

To estimate the coalescence temperature for repulsive GBs using equation 5.5, parameters given in Table

5-2 (for pure Al) were used along with pgp(f)) taken from Figure 5-5a). It is also important to point out

that, the presence of solutes affect the quantities mentioned in Table 5-2 and Figure 5-5a), due to

multiple effects such as segregation effects. It cannot be excluded either that the segregation extent might

depend on misorientation (especially in the misorientation range from 5 to 15°, regime in which the grain

boundary energy varies substantially), and it certainly affects interface energy values (Jgb but also psi).

However, taking these factors into account is a very difficult task requiring important research efforts that

have been considered out of the scope of the current study.

Table 5-2 Constants used to estimate coalescence undercooling.

Constants

Values /empirical law

751 (S/L interfacial energy)

0.12 ]/ [152]

AS’ (Entropy of fusion) 111 x10° J/ 'K [153]
6 (thickness of solid-liquid interfacc) 107 [89]
a) b) 6 Attractive GB Repulsive GB
: . | | . Q/ 600 No cracks ! No cracks
0.5 —— ™ m ¥ EEgmmN .l- | | ' @ 550 i:-";;::izg“%;‘
Attractive GB ~ Tl = Be 1 \% H—
_ ool ¥ ] . LAGB
(\T\ 0.4 | § 500 - \‘\ ?‘% ..........
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= e Tilt[110] 3 450, N
" A Tilt[111] 5
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Figure 5-5. a) Grain boundary energy of pure Aluminum for different tilt boundaries as a function of

misorientation angle [150][151]. b) Effect of misorientation on the dendrite coalescence temperature.
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5.4 Estimating solidification conditions typical of L -PBF (thermal gradient and solidification velocity)

The lowering of the grain coalescence temperature due to the coalescence undercooling is shown in
Figure 5-5b). The coalescence temperature for attractive GBs (f < 5°) was estimated using the
solidification path shown in Figure 5-1, for various solid fractions (0.90 = £ < 0.99) in the critical
temperature range (last stages of solidification). As discussed previously, the lowering of Tgc, happens only
for repulsive GB’s (6 > 5°). Thus, with the help of estimated Tyc(f), the lower bound of the integrals in
equation 5.1, can be updated to include the dendrite coalescence undercooling that changes with
misorientation to predict the cracking sensitivity of HAGB using the RDG criterion. To summarize, with
the help of coalescence undercooling of HAGB’s, the effective coalescence temperature at £5=0.97 as
mentioned in Figure 5-5b), is used as an input to define Ty (6); thereby including the misorientation

aspect into the RDG criterion.

5.4. Estimating solidification conditions typical of L-PBF (thermal gradient and solidification
velocity)

Apart from material inputs like solidification path and coalescence temperature, process inputs are also
needed to apply the RDG criterion in the context of AM. The solidification process inputs mentioned in
equation 5.1 are thermal gradients (G) and solidification velocity (). However, the L-PBF process is
controlled by the first-order melting parameters, namely the laser power (P) and speed (Vjgser). Thus, it is
important to make a direct link between these first-order melting parameters (P, Vjgger) and the

solidification conditions(G, v). To do so, the Rosenthal analytical solution was implemented.
5.4.1. Introduction to Rosenthal analytical solution.

An analytical Rosenthal solution [28] is used in the current study and implemented on COMSOL
Multiphysics software [154]. This solution captures the basic physics required to estimate the solidification
parameters (thermal gradient and solidification velocity) as a function of the laser energy input. The
Rosenthal model was chosen over other more complex numerical models, the idea being to capture the
correct order of magnitude. Thus to simplify, the solution was applied on a laser scanned bulk 6061 Al-
alloy substrate and not on the powder bed. The analytical solution evaluates the temperature field in a bulk
substrate when it is subjected to a moving point heat source. Equation 5.7 gives the temperature field of
a point location (x, y, z) with respect to the moving heat source (along x-direction), here in our case, the

laser.

‘”laser(x"' x2+y2 +zz>

T(x,y,z) =To + —T_xel 2a ) (equation 5.7)

27k~ x2+y2+22
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Chapter 5. Developing cracking sensitivity criteria (based on RDG model)

Where, T is the temperature, (x, y, z) is the position in the (X, Y, Z) coordinate system, Tp is the
temperature of the substrate, P /s the laser power, 7 is the absorptivity coefficient, £ is the thermal

conductivity, Vjgger 18 the laser scanning speed and o the thermal diffusivity of the material.

The thermal properties used for the study are assumed to be constant and independent of temperature.

This equation ignores the effect of the latent heat of fusion as well as heat fluxes in the liquid (convection).

The term /x2 + y? + z2 in equation 5.7, refers to the radial distance of the point from the laser beam;
whereas, x” denotes the distance of the point from the laser beam along the scanning direction. Optimized
processing parameters P and Vj,qer, mentioned in section 4.1.4 are used as inputs in the Rosenthal
equation to compute the thermal fields considered as typical of L-PBF. T, refers to the initial temperature
of the bulk substrate, which in the case of ‘no preheating’, is taken as 293 K.

From the temperature fields, the thermal gradient (G) within the melt pool and the mushy zone is estimated

using the gradients in all three dimensions, for a given point. The thermal gradient (G), is expressed as:

G(x,y, Z):J[Gx(x, y,2)]* + [Gy(X, v, Z)]2 + [G,(x,y,2)]?> (equation 5.8)

where, Gy, Gy,and G;are the thermal gradients along x, y, and z-direction, respectively. The next useful
solidification parameter is the solidification velocity (), which is geometrically related to the laser scanning

speed (Vigser), and melt pool shape [155], as:

Gy (x,y,2)
G(x,y,2)

V(x, v, Z) = Vlaser.COS (9 (x, v, Z)) = Vlaser. (equation 59)

where 0 is the angle between laser scanning direction and the solidification front velocity (velocity of the
liquidus isotherm), as shown in Figure 5-6. Since Vg, is along the x-direction, cos(f) is substituted to

Gx/ G, as mentioned in equation 5.9 to compute the solidification velocity.

Figure 5-6 Geometrical relation between the solidification velocity and the laser scanning speed, on a melt pool

schematic, adapted from [120].
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5.4 Estimating solidification conditions typical of L -PBF (thermal gradient and solidification velocity)

5.4.2. Rosenthal simulations

The thermal gradient (G) and solidification velocity (#) corresponding to the optimized L-PBF melting
parameters namely: P= 240W and v,5,= 600 mm/s are estimated. Table 5-3 gives all the
parameters used to perform the Rosenthal calculations based on equation 5.7. The melt pool boundaries

are estimated from the temperatures predicted by the Rosenthal equation. Key temperatures in the mushy
zone (all the combinations of x;),z points satistying: Ts < T(x, v, z) < Ti) can also be plotted considering

the temperatures estimated based on the Scheil-Gulliver solidification calculations.

Table 5-3 Constants used for Rosenthal analytical simulations.

Constants Values
Laser speed (Vjgser) 600 mm/ s
Laser Power (P) 240 W
Thermal conductivity (4) 167 W/ (m K) [131]
Specific heat capacity (Cp) 897 J/ (kg K) [131]
Density (p) 2700 &g/ [131]
Thermal diffusivity (@ = -2 6.89 x 10° 77/

Since the analytical solution was applied on a bulk substrate, it is important to calibrate the Rosenthal
model to obtain the correct melt pool dimensions. The laser scanned bulk substrates (sand-blast), (see
Appendix) were used to compare the melt pool depth estimated using Rosenthal solution. To remind, the
measured total reflectivity of the rough (Ra=6um) sand-blasted bulk substrates was ~41% (for a

A=1064nm) and was quite close to the reflectivity of the powder sample, as shown in Figure 4-2.

The measured melt pool depth for the bulk substrate was found to decrease with the increasing laser speed.
Comparing the measured maximum melt pool depths to the ones estimated using Rosenthal analytical
solution for different Vjgge,-: 200 mm/s, 600 mm/s and 1000 mm/s as shown in Figure 5-7, the effective
power transferred to the material was about 60% of the 240W, giving an absorptivity coefficient of 0.6,
similar to the reported value in ref. [156]. This estimated absorptivity to update the thermal simulations is
also in line with the measured absorptivity (100-41(reflectivity)= 59%) for the bulk substrate, see Figure

4-2. This sensitivity analysis helps to better replicate the actual melt pool formed duting laser melting.
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Figure 5-7 (Top) Estimated melt pool depths using Rosenthal simulation and experimentally verified melt
pool depths on the bulk substrate (middle) for different laser speeds (Vgger). The bottom graph shows the

variation in melt pool depth as a function of Vg4, for different absorptivity coefficients (r)): 0.8 and 0.6.

Using the obtained absorptivity coefficient of 0.6 along with the constants mentioned in Table 5-3,
thermal gradients (G) fields in different planes (ZX, XY, and ZY) were obtained as shown in Figure 5-8.
The thermal gradients were obtained according to equation 5.8. The three planes can be categorized with
respect to the Cartesian coordinate system in which the laser direction is along the X-axis. The XY-plane
denotes the top surface of the substrate and the ZX plane (longitudinal) denotes the cross-section of the

XY-plane at Y=0, meaning the central cross-section along the direction of the laser. Similarly, if we make
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5.4 Estimating solidification conditions typical of L -PBF (thermal gradient and solidification velocity)

cross-sections of the ZX-plane at different X- coordinate, we can obtain various-ZY planes (transverse)

in which the laser is supposed to move perpendiculatly to the ZY-plane.

On each contour, vatious iso-temperature dotted lines are marked, namely: red for Tiiquidus at (5=0) =

(652°C), green for Tycat (=0.97) = (558°C) and black for Tiolidus at (5=1) = (510°C). These temperature
dashed contour lines help to visualize the melt pool. Since the laser moves along the X-direction, the
region on the right extremities of the G-contours tends to have higher thermal gradients compared to the
left extremities, as shown in Figure 5-8. Thus, indicating the right extremities to be in the process of
melting and left one to be solidifying. The thermal gradients are in the range of 10°-10° K/m in both the
XY and ZX-planes. However, depending on the location of the cross-section in ZX-plane, the transverse
ZY plane can have varying G values. For example starting from the cross-section plane ZY near to the
laser spot (denoted by highest G, in the red spot) and moving away from the melting zone, the thermal
gradients continuously show a decreasing trend. Moreover, the maximum depth of melt pool, calculated
on the fs=7 ‘black dashed line’, also diminishes in ZY-plane located at left extremities (i.e. Figure 5-8c))
compared to the ZY-plane where melting is predominant (i.e. Figure 5-8f)). It should be also noted that,

in all the planes, the maximum (Gmay) is inside the liquid,i.e. when T>Tliquidus.

Similarly, a study has been done to evaluate the solidification velocity (») for P=240W and v;45,=600
mm/s, in all the different planes, as shown in Figure 5-9. Solidification velocity (#) has been computed
inside the melt pool bound by the solidus temperature (Tsolidus), using equation 5.9. As the name suggests,
solidification velocity is the velocity of the solidification front, or in other words the velocity of the liquidus
contour. Contrary to the thermal gradients, solidification velocity is only restricted within the liquid state
(T > Tliquidus) and mushy zone (Tsolidus < T < Tiiquidus ). In addition, according to equation 5.9, based
on the direction thermal gradient in X-direction (Gx), the solidification velocity can be positive (Gx along
+X direction, during soliditying) or negative (Gx along —X direction, during melting). Since cracking

happens during end of solidification, only positive values of » are plotted in Figure 5-9.

Concerning the solidification velocity magnitude for the given laser parameters (Vjgger= 600 mm/s, P=
240W), it ranges from 0 to 0.6 m/s in all the planes. Contrary to the G contours in Figure 5-8, the
solidification velocity is least in the transverse ZY-plane near the laser and shows an increasing trend when
moved away from the laser. It should be also noted that, in the XY plane, the solidification velocity is
maximum in the center of the melt pool, along the laser scanning direction (x-axis). The solidification
and thermal gradient contours provide useful information in terms of the trend in which they vary inside
the melt pool. Since the coalescence is considered to happen at f5=0.97 [73], it is important to
estimate the G and v quantitatively around the temperature associated to a solid fraction of 0.97

(£5=0.97), see dashed green line in Figure 5-8 and Figure 5-9.
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Figure 5-8 Thermal Gradient (G) contours for P=240 W and V445, =600 mm/s in different plane (a) ZX-plane, b) XY-plane and ¢)-f) ZY-plane at different cross sections of
ZX-plane.
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Figure 5-9 Solidification velocity (v) contours for P=240 W and v;45¢,+=600 mm/s in different plane (a) ZX-plane, b) XY-plane and c)-e) ZY-plane at different cross-

sections of ZX-plane.
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For the transverse YZ-plane (see Figure 5-10b)), the location of this cross-section was selected at the
frontier of the melt pool as shown by the ZY red arrow in Figure 5-10a). As a consequence, no liquidus
contour can be observed in the YZ-plane. Since the central section of the melt pool is the most prone to
hot cracking, the values of G and 7 are extracted in the YZ-plane, as shown in Figure 5-10b). The
solidification parameters are estimated as a function of the melt pool depth, as shown in Figure 5-10c)
for both, longitudinal XZ and transverse YZ-planes. For the XZ-plane, the G & v are computed along the
T(=0.97) isothermal contour (indicated with ‘star markers’ in Figure 5-10a)), whereas for the YZ-plane

it is computed along the melt pool centerline (indicated with ‘square markers’ in Figure 5-10b)).

For both planes, the thermal gradient inside the melt pool increases with the depth and reaches a maximum
value at the bottom part of the melt pool. On the contrary, the solidification velocity shows a decreasing
profile along with the melt pool depth. In both the XZ and YZ-planes, the thermal gradients are of the
order of 10° K/, whereas the solidification velocity is always smaller than the laser speed Vjqger = 0.6
m/s. The average values measured at the isotherm Ty are : G = 2.8.10° K/m and v = 0.3 m/s.

These values were then selected as inputs to apply the RDG critetion.
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Figure 5-10 a) and b) Thermal gradients inside the melt pool (XZ-plane and YZ-plane) computed using
Rosenthal analytical solution when a bulk 6061 Al alloy substrate is subjected to laser power of 240W and laser
speed of 600 mm/s (optimized conditions suppressing lack-of-fusion defects). ¢) Variation of thermal gradients

(G) and solidification velocity () along the melt pool depth.
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5.4.3. Rationalizing centerline cracking

We have been able to consider the cracking sensitivity at HAGB’s by using the coalescence undercooling
concept described in section 5.3 and using it as inputs into the RDG criterion. The central location of
cracking still needs to be addressed. To do so, as described in equation 5.2, the length of the mushy zone
can be used as a parameter to identify cracking sensitive locations inside the melt pool. Depending on the

length of the mushy zone, we can qualitatively estimate the region the most susceptible to cracking.

Let us now consider the temperature contour in the ZX-plane as shown in Figure 5-11a). According to
equation 5.2, to estimate the length of the mushy zone (L), two input temperatures are required: (i)
Tliquidus(652°C), and (ii) Tgc, the coalescence temperature which is a function of f5 and misorientation (0).
Knowing that the dendrite coalescence temperature is affected by the coalescence undercooling, the mushy
zone is defined as the temperature range between T1and Tec(6 =15°). Using such a definition, the length
of the mushy zone (L) can be estimated using equation 5.2, by updating the Ty at # =15° and using the

thermal gradient estimated using Rosenthal calculations. Such an analysis will help us to determine the

location that has the maximum possibility to crack.

Temperature Field (K)
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Figure 5-11 a) Temperature field inside the melt pool computed using Rosenthal simulation in the XZ-plane. b)

Evolution of length of the mushy zone along the laser scanning direction (X-axis) using the Tgc (5=0.97): black

curve and another using the coalescence temperature of Tec( 5=0.97 and 6=15°): red curve.

Thus, another temperature contour ‘dashed white’ is marked in Figure 5-11a), which takes into account
the effect of coalescence undercooling due to misorientation at 6=15°. This new T (f5=0.97 & 6=15°)

was calculated using the data from Figure 5-5b).
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Finally, as shown in Figure 5-11b), two curves are generated for the length of the mushy zone as a function
of laser scanning direction: (i) Black curve- without considering misorientation undercooling (case of
attractive GB’s) and (ii) Red cutrve- considering misorientation undercooling at 6=15° (case of repulsive
GBs). For the first case, Toc(f5=0.97)=558°C was used in equation 5.2 to compute the length of the
mushy zone (L). For the second case, Tgc(5=0.97 & 6=15° )=395°C was used to estimate the length of

the mushy zone denoted by L. For both, the variation of the curve along the X-direction in Figure
5-11b), there exists a maximum at a given x-coordinate where the liquidus contour begins, as highlighted
in Figure 5-11a). Moreover, the important point is that, considering the misorientation undercooling, the
L° (ted curve) is always higher than the case where dendrites do not need an additional undercooling to
coalesce, i.e. L. (black curve). This suggests that GB that require additional undercooling to coalesce
by the virtue of their relative misorientation tend to have a higher length of mushy zone compared
to their counterpart attractive GB. In addition, within those repulsive GB’s, there exists a maximum
length of mushy (maximum [° ~170um) zone along the scanning x-direction (see the red curve in Figure
5-11b). This indicates, in the ZX-plane, there exists a location where a repulsive GB is more sensitive to
cracking compared to other repulsive ones. This way, we were qualitatively able to highlight the location

the most sensitive to cracking for repulsive GB in the ZX-plane.

Thus, to understand centerline cracking, a similar analysis can be done for other planes as shown in Figure
5-12. Figure 5-12a), b), c) shows the temperature field in the XY, ZX, and ZY-planes respectively. Based
on Figure 5-12a), one can see that there is a critical location in the XY-plane, where . reaches a peak.
This is the location where the laser passes and cracks are observed. To prove that the central ZX-plane is
cracking sensitivity A similar analysis can be done for different XZ-planes at different Y-coordinates,
starting from Y = 0 (denoting the central XZ-plane) and Y= -100 w2 /-150 unz (denoting the planes away
from the central location). Figure 5-12d) shows that L° reaches a maximum for the central plane at
Y = 0. With this analysis, the extent of the mushy zone can be qualitatively compared in the top
(XY-plane) and also along the Z-axis. This helps us to explain, why the center of the melt pools

is the region the most sensitive to cracks.

Summary

We have addressed the key inputs needed to apply the RDG model. Starting from generating solidification
path (fs(1)), rationalizing cracking at HAGB’s by using the concept of coalescence undercooling, and
finally understanding the solidification process parameters typical of L-PBF, namely thermal gradients and
solidification velocity with the help of Rosenthal simulations. Moreover, by the concept of the extent of
the mushy zone, we were able to qualitatively justify the centerline cracking in 6061 grade processed by L-
PBF. All these inputs will be necessary to further applythe RDG model in the context of the fabrication
by L-PBF, this will be detailed in the next sections.
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Figure 5-12 a), b) and ¢) Temperature field inside the melt pool (XY, ZX plane, and ZY plane) computed using Rosenthal analytical solution when a bulk 6061 Al alloy
substrate is subjected to laser power of 240W and laser speed of 600 mm/s (optimized conditions suppressing lack-of-fusion defects). d) Variation of the length of the mushy

zone (L) in the ZX-plane, inside the melt pool, as a function of laser scanning direction for different Y-coordinate values to rationalize the central location of cracking.
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Chapter 5. Developing cracking sensitivity criteria (based on RDG model)

5.5. Predicting critical pressure drop

By taking into account the additional undercooling caused by the presence of HAGB’s, the RDG criterion
finally allows estimating the total Pressure drop (£ Protl) corresponding to our expetimental observations.
Various constants required to run the RDG criterion are summarized in Table 5-4. In the original
formulation of the RDG criterion, the characteristic length of the microstructure is taken as the secondary
dendrite arms spacing (SDAS). However, in the current work, according to Figure 4-21, as the
secondary arms are not fully developed, and as the order of magnitude of the primary (PDAS) and
secondary arm spacing (SDAS) is similar, we have used the primary dendrite spacing as the
characteristic length in the RDG criterion. It is known that PDAS depends on the cooling rate, i.e. the
product of solidification process parameters (G x 2) according to ref. [15]. If the cooling rate is high enough
like in the L-PBF, there is no proper development of secondary dendrite arms and as a result, only primary
trunks are seen. To have a better prediction of PDAS, the empirical formula based on ref. [15] was further
used in the RDG model. The empirical formula to estimate PDAS=43.2 * (G * v)"%3%* (um) was
chosen, since the predicted PDAS’s matched the experimental PDAS for typical L-PBF cooling rates
ranging from (10°-10” K/s) for the AlSi10Mg alloy [15]. According to this empirical formula, for given
laser parameters (P=240W & v=600 mm/s) and the corresponding averaged solidification parameters
(G=2.8.10° K/m and v = 0.3 m/s), the obtained PDAS is roughly around 0.6 um. This obtained PDAS is
close to the actual PDAS measured (~0.5-0.6 um), based on surface images revealing the dendrite trunks
(see Figure 4-21).

Note that the dynamic viscosity (i) is temperature-dependent and can be affected due to the presence of
solutes in alloys. According to [157], the dynamic viscosity, estimated at melting temperature for
pure Al was used in the current study, assuming that the effect due to temperature variation is not

significant.

Another important parameter in equation 5.1 is the strain rate (€). Determining the (€) felt by the growing
dendrites in L-PBF conditions, is a difficult task. Tensile tests conducted at temperatures very close to the
dendrite coalescence temperature would be needed to estimate the strain rate sensitivity but this would
require important research efforts. Here, to make a crude estimation, the strain rate equation
mentioned in Table 5-4 is used to get rough values. Similar to the PDAS estimation, the strain rate is
considered to be dependent on the solidification parameters (G, ») according to ref. [97]. Unlike the use
of Gg=098 as reported in ref [97] to estimate strain rate, in our study we evaluated G at 5=0.97 (which

corresponds to the coalescence solid fraction chosen for 6061 Al-alloy).

135



5.5 Predicting critical pressure drop

Table 5-4 Constants used as inputs for RDG criterion.

Constants Values /empirical law
Shrinkage factor (B) 0.065 [158]
Dynamic viscosity (u) 1.4 x 107 Pa.s [157]
A= Primary dendrite arm spacing (PDAS) 43.2 * (G = v) 732 (um) [15]
Thermal expansion coefficient () 23.4x10° K'[159]
Strain rate (€) o* Ges=097 * v (s7) [97]

Finally, after having obtained all the input parameters required to run the RDG model, the definite
integrals mentioned in equation 5.1 needs to be calculated to estimate the total pressure drop. The

numerical integration was done for each of the integrals, namely the APy formation& APshrinkage-

Note that, depending on the misorientation, the Tgc needs to be updated in the lower bound of
the integrals. Thus, for a particular misorientation, the coalescence temperature (Tgc) can be estimated
using Figure 5-5b). However, to obtain the pressure drop value, each of the integrand functions in
equation 5.1 must be analyzed in the range of temperature limits (11 to Tyc). The higher the integration
value of these functions, the higher will be the pressure drop. According to Drezet ez a/. [96], sensitivity to
hot cracking was analyzed for different alloys based on the integration value of the integrand function
corresponding to shrinkage only. They did not consider the deformation integrand function, since they
mentioned that the deformation integrand function would vary in a similar way as the shrinkage. In the
present study, the integration values for both these integrand functions (deformation and
shrinkage) are taken into consideration to estimate the total pressure drop. Figure 5-13 shows the
behavior of integrand function corresponding to the deformation and shrinkage terms of equation 5.1 in

the given temperature limits. For example, for an attractive GB bridging at f5=0.97, the estimated
Ty (0<0<5 °) is 558°C and for the repulsive GB it is Tec(0c =15 °)= 395°C. In Figure 5-13 only two
important misorientations ate considered: (i) denoting transition from attractive to repulsive (0,r = 5°), as

shown in (Fig a-c) and (ii) critical misorientation after which cracking occurs (0:=15°), as shown in (Fig
d-f).
From equation 5.1, the first integral evaluated is the E(T) = f;gc fs(T)dT, since it is the subpart of the

deformation integrand function. Here for the sake of simplicity, we considered only the integration part
of E(T) for the analysis, since G and € are assumed independent of temperature. The limits for F(T) vary

from (T to T), i.e. to visualize the evolution of E(T) as a function of T, the upper limit will be successively

varied and the lower limit will be updated corresponding to the angle of misorientation. The plots in
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Chapter 5. Developing cracking sensitivity criteria (based on RDG model)

Figure 5-13a) & d), calculates the E(T) integration value as a function of temperature, for 0, = 5° and
0c = 15 ° respectively. The integral value tends to show a decreasing trend as the temperature is lowered.

Moreover, the integration returns zero when T=T,, since the upper limit of E(T) becomes equal to the

lower bound.
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Figure 5-13 a)-c) Calculation of the different integrand functions used to define the shrinkage and

deformation part of RDG criterion as a function of the temperature bounds (Tliquidus to Tec(i=0.97)), for

the case of attractive boundaries ( since 6 < 0,+=5°). d)-f) For the case of repulsive boundaries those are

HAGB at 6=15°.
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5.5 Predicting critical pressure drop

Now, considering the deformation integrand function in equation 5.1, as shown in Figure 5-13b) & e),
the integrand function is composed of the E(T) and other terms depending on the f(T). This integrand
function tends to increase and reaches a peak as the temperature decreases, however when T Ty, the
function decreases rapidly to zero since E(T) approaches zero as well. Finally, after having the evolution
of the deformation integrand function, the area under the curve within the limits (11 to Tgc), will give us
the definite integration value corresponding to the deformation term. From Figure 5-13b) & e), the
integration value calculated using numerical integration gives a higher value for 0. =15 °
compared to 0. =5°. An inctease of two times the order of magnitude can be seen, suggesting

deformation is more likely for HAGB.

A similar exercise for shrinkage integrand function is done in Figure 5-13¢c) & f), where the function only
depends on the £(T) terms. The function tends to increase as the solidification progresses. Note that, for
all the 6 >5°, further undercooling makes the Ty goes below T(fs=7), this will make the denominator of
all the integrand functions tend to zero (because of ‘77" term, since /52 1). Hence all these functions need
to be controlled for the value of f5(T), so that they return a valid function value. Thus, it was assumed
that £5(T) will always return a value of 0.97 (corresponding to coalescence solid fraction) for all 7"
< T4 (0=55, £5=0.97) = 558°C. This is the reason why the integrand function in Figure 5-13f), returns
a constant function value for Tgc(0=759=395°C <'T" < Ty (#=5°=558°C. The physical significance

of this assumption is that the liquid film will persist up to lower temperature until the coalescence
takes place, and thus maintaining the solid fraction values to be constant. Eventually, the area under
the curve for shrinkage is estimated and it turns out that, the integration value is higher for the HAGB’s
compared to the attractive GB’s. However, the increase is only by one order of magnitude compared to
the increase in the case of the deformation terms. This suggests that the misorientation has a higher impact
on the deformation across the dendrites in comparison with the impact on shrinkage. In addition, the area
under the curve for the shrinkage part is always less than the deformation part, irrespective of the
misorientation. Thus, such an analysis for the variation of integrand functions helps us to understand the
weightage of different integrand functions, misorientation angle on estimating the deformation and

shrinkage integrals in the RDG criterion.

Having estimated the integration values, these values must be multiplied by their respective constants
mentioned in Table 5-4 according to equation 5.1. This will allow us to estimate the total pressure drop,

which is the addition of the contributions from the deformation and shrinkage respectively. As seen
previously, each misorientation is associated with its corresponding Tec, which helps to return a unique

total pressure drop value.

The updated coalescence temperature (Tyc(f))) which takes into account the grain coalescence

undercooling, helped us to compute the total pressure drop as a function of misotientation, 2 Proi(8).
Figure 5-14 shows the pressure drop evolution as a function of misorientation for different fractions of
coalescence. To understand the relative weight of contribution due to deformation and shrinkage,

respective pressure drops are also shown in Figure 5-14a) and b) and their addition gives us the total

pressure drop as shown in Figure 5-14c). The total pressure drop shows a sudden increase from 6.+ = 5°
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Chapter 5. Developing cracking sensitivity criteria (based on RDG model)

(Job = 2. Ps1) indicating that the hot tearing sensitivity increases continuously with grain boundary
misorientation until reaching a misorientation of roughly 20°. Experimentally cracking was only observed
for 0 > 15° while lower misorientation grain boundaries were found to be crack-free, see Figure 4-18.
Note that for misotientation for = 5° < 0/ < 15°, the dendrite coalescence undercooling model of Rappaz
indicates that we have repulsive boundaries. However, our experimental results rather suggest that this

dendrite coalescence undercooling seems not significant enough to induce cracking. Based on our

experimental observations, for cracking to occur, it is rather thought that one needs to reach a
critical coalescence undercooling determined when 6 = 6. =15°. This allows the critical pressure
drop (APLitical) above which a GB will be crack sensitive to be estimated. Thus, the critical
pressure drop, APeitical (6 = 15°, £5=0.97), is taken equal to 2.45 GPa and can be considered as
the cracking sensitivity criterion. We have deliberately chosen a fraction of coalescence of 5=0.97 as it
was the values experimentally determined in [73] for the 6061 Al-alloy. This magnitude of pressure

drop is relatively high, compared to the ones reported in welding literature, see e.g. [89,90],

certainly because of the characteristics of the L-PBF process (small 4, high G and relatively high
v). Note that this value is a crude estimate and that we should rather consider relative hot cracking
sensitivity and not take the pressure drop values as absolute values. Also, note that such critical
pressure is of the same order of magnitude as the cavitation pressure ([%) estimated using
molecular dynamic simulations in pure aluminum (P = -670 MPa = 0.67 GPa), see ref [160]. It
can also be highlighted that, even if we assume a larger critical misorientation, the impact on the critical
pressure drop would be limited. For instance, taking 0. = 25°, the critical pressure drop is about 3.1 GPa.

This observation is due to the grain boundary energy and the dendrite coalescence undercooling, which

stabilizes for misotientation ranging from 20° to 30°, as shown in Figure 5-5.

Using the RDG criterion, we can rationalize the experimental observation of misorientation dependent
cracking, using A Protal ( 19). In Figure 5-14, we illustrate that the pressure is extremely sensitive to the
coalescence temperature during the last stage of solidification. Indeed, the pressure drop is about
0.1 GPa when taking a coalescence temperature corresponding to a solid fraction of ﬁ = 0.90, however,
this pressure drop reaches 2.45 GPa for a coalescence temperature corresponding to a solidified fraction
of f5 = 0.97 and ~46 GPa for a fraction of coalescence of /5 = 0.99. Finally, one should note that

experimentally, we observe cells, i.e. dendrite trunks but with very limited secondary arms (see
Figure 4-21), this should be pointed out because geometrically this suggests that the coalescence

temperature is likely associated with very high solid fractions.
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Figure 5-14 a) Pressure drop due to deformation, b) Pressure drop due to shrinkage and c) Total pressure drop
for a given G= 2.8x106 K/m and v= 0.3 m/s, typical values extracted from our Rosenthal simulations for P =
240 W and v = 600 mm/s.

Speaking in terms of the individual contribution of the deformation and shrinkage terms to the total
pressure drop, Figure 5-13 showed that the trend observed for the area under the curve for deformation
is quite high compared to shrinkage at a given coalescence f5=0.97, irrespective of the misorientation
changes. However, as mentioned previously, after multiplying the different constant to these estimated
integration values, the actual behavior of the APyeformation ANA APsprinkage can be known, as shown in
Figure 5-14a) and b). From Figure 5-14a) and b) it is evident that, for attractive grain boundaries
(0=5°), irrespective of the considered coalescence fi, the AP gprinkage AP deformation This is
contrary to the values of the integrand function in Figure 5-13, where deformation integrand function
had higher value compared to shrinkage integrand function for a given misorientation. Thus, multiplying
constants mentioned in Table 5-4 according to equation 5.1 reverses the trend observed in Figure
5-13 and finally makes the APgprinkage >APdeformation (see Figure 5-14a) and b) for 6=5°).
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Chapter 5. Developing cracking sensitivity criteria (based on RDG model)

However, if we consider repulsive grain boundaries (0=5°) in Figure 5-14a) and b), the inequalities (>

or <) between APsprinkage and APgeformation becomes unclear.

To understand the trend clearly, Figure 5-15, decodes the weightage of pressure drop contribution as a
function of both misorientation and f5. Consider Figure 5-15a), for a given coalescence f5=0.92, the
deformation pressure drop contribution (marked in ‘black’) is always lower than the shrinkage one (marked
in ‘light grey’), regardless the misorientation. This suggests that, when the mushy zone undergoes
coalescence at an eatly stage of solidification (at f§=0.92), the contribution due to shrinkage is
predominant. However, in this case, the total pressure drop always remains under the critical pressure
drop APkeiical, thereby less prone to cracking. For f5=0.97 (see Figure 5-15b)), the deformation
contribution remains lower until a given misorientation is reached. For 6215°, the deformation starts to
dominate the shrinkage, indicating that contribution arising from deformation is highly sensitive to
misotientation and coalescence solid fraction. Considering even higher coalescence f5=0.99 (sce Figure
5-15c), the deformation contribution starts to dominate from an even lower misorientation of 6=10°.
This indicates that, when coalescence is delayed at a later stage of solidification, the deformation
at the growing dendrites becomes so high that it dominates the shrinkage and in reality can

induce cracking even at lower misorientation.
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Figure 5-15 Effective contribution of deformation and shrinkage terms as a function of misorientation angle
for different coalescence solid fraction: a) =0.92, b) 5=0.97 and c) fs=0.99.
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5.5 Predicting critical pressure drop

A similar exercise can be done, by fixing the misorientation angle and verifying the shrinkage and
deformation contribution as a function of solid fraction. Figure 5-16a)-c) shows the contribution from
the two terms for fixed misorientation of 5%, 10 °, and 15 °, respectively. We know that, as misorientation
increases the magnitude of the two pressure terms also increases, as demonstrated in Figure 5-14. A
similar trend is observed as a function of solid fraction, shown in Figure 5-16. However, a key thing to
notice in Figure 5-16 b) & c) is that, as solidification approaches the end (£5 > 0.97), the
deformation contribution starts to dominate the shrinkage contribution. For lower values of solid

fraction and misorientation, it is the shrinkage that dominates the deformation contribution.
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Figure 5-16 Effective contributions of deformation and shrinkage terms as a function of solid fraction for
different misorientation angles: a) 6=5°, b) 6=10° and c) 6=15°.

To summarize, there exist differences in the behavior of shrinkage and deformation integrand functions
depending on the coalescence f5 and misorientation changes. It is recommended to consider both
contributions (deformation and shrinkage) to have a reliable cracking sensitivity prediction. Such an
analysis helps us to visualize the competition between deformation and shrinkage in inducing cracking, in

the light of L-PBF of the 6061 Al alloy, and provides us useful insights into the occurrence of cracking.
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Chapter 5. Developing cracking sensitivity criteria (based on RDG model)

5.5.1. Region with critical pressure inside the melt pool.

After having estimated the critical pressure drop, the pressure drop can be estimated locally at the melt
pool scale. This way, regions sensitive to cracking inside the melt pool can also be identified based on the
magnitude of the pressure drop, in addition to the length of mushy zone exercise done in section 5.4.3.
Thus, another way to demonstrate the sensitivity of the central region of the melt pool is by estimating
the pressure drop inside the melt pool. In Figure 5-17a), the pressure drop is estimated inside the XY-
plane melt pool (refer to Figure 5-12a)). Note that, for each position (x, y), inside the melt pool, the
pressure drop according to equation 5.1 depends on T, y) and the solidification conditions (G(x,y), v(x,))
inside the melt pool. Thus, according to Figure 5-17a), the pressure inside the liquidus contour is 0 and
as temperature decreases below the liquidus, the pressure drop shows an increase in magnitude. The black
region in Figure 5-17a) indicates the critical pressure region, having APrw>2.45 GPa. Note that the
magnitude of pressure drop in some locations can be higher than the selected critical value (2.45 GPa)
since in this analysis it is the local rather than average values of G and », which were used to estimate the

pressure drop.
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Figure 5-17 a) Shows the pressure drop map inside the XY plane melt pool. b) Evolution of pressure drop
along the X-axis for different Y-coordinates. c¢) Pressure drop variation as a function of the Y-axis for different

temperature contours inside the XY-plane melt pool.
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However, in this pressure map of Figure 5-17a), it is very difficult to locate the transition and region most
susceptible to cracking. To have a better visualization of the pressure drop evolution, consider Figure
5-17b). The pressure drop is plotted as a function of the X-axis for different Y-coordinate (Y=0
representing the central region, and Y=100um representing a region away from the central region). It is
evident to notice that, for Y = 0, the pressure drop from a temperature just below the liquidus to the Ty
goes from 1KPa to 10GPa. This is because, the pressure is very sensitive to the temperature at a given
position (x;, ). And comparatively, the Y=100um the evolution in pressure drop along the X-axis is not as

steep compared to the central region (Y=0).

In Figure 5-17c), the pressure drop is estimated for different temperature contours inside the XY-plane
melt pool namely, Tg=558°C, T=510°C and Ty, — ATy ngercooting (6 = 15°)= 395°C. As we move
along a given temperature curve, the position (x;)) also varies. As solidification progresses from 558°C
(green curve) to 395°C (white curve), the pressure drop increases by orders of magnitude due to the
inclusion of coalescence undercooling in estimating the pressure drop. Moreover, for a fixed
temperature, the local variation in G(X,y) and v(X,y) makes the pressure drop increase and reach
a maximum for Y=0 (central region). Away from this central region, the pressure drop decays
symmetrically on either side. In other words, the pressure drop is also sensitive to the location
inside the melt pool. With such an analysis on the melt pool scale, we show that the local mechanical
solicitation can cause a higher pressure drop in the center of the melt pool, increasing its cracking
sensitivity. Thus in agreement with the extent of the mushy zone (Figure 5-12d)), the pressure drop inside

the melt pool also demonstrates the higher cracking sensitivity of the central region of the melt pool.

5.6. Summary

According to Chapter 4, two conditions are required for a grain boundary to be cracked: (i) being a
HAGRB, and, (if) being located at the central position of the melts pools. Those two conditions were
discussed using the RDG hot tearing criterion. The RDG criterion was updated to include the effect of
coalescence undercooling to rationalize the effect of misorientation. Similarly, to address the centerline
cracking observed in the experimental section, the concept of length of the mushy zone was used. The
length of the mushy zone is maximum in the center of the melt pool, thus qualitatively rationalizing the

cracking sensitivity of the central grain boundaries.

Various inputs were generated to run the RDG criterion like solidification path (f5(1)) of 6061 grade,
solidification parameters namely thermal gradients (G) and solidification velocity () were estimated for
the L-PBF process using the Rosenthal Analytical solution. With these inputs, the RDG criterion was used
to estimate the pressure drop in the mushy zone. It was found that the pressure drop is sensitive to the
grain boundary misorientation and increases rapidly when there is a transition from attractive to repulsive
grain boundaries at h.r = 5°. The effect of the fraction of coalescence on the pressure drop was also

investigated and our sensitivity analysis demonstrates that this is the key factor controlling the hot tearing
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Chapter 5. Developing cracking sensitivity criteria (based on RDG model)

sensitivity. Having the coalescence of dendrites at an eatly stage is beneficial to reduce the total pressure

drop and thus can be an effective way to avoid solidification cracking in 6061 grade.

Finally corresponding to the coalescence solid fraction (fs=0.97) of 6061 Al alloy and the misorientation
angle of 15°, the estimated pressure drop was considered as ‘critical’, above which cracking is highly
probable. Using this cracking sensitivity criterion, the effect of process parameters and the effect of

chemical composition can be studied to provide key insights and possible guidelines to avoid cracking.
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6. Effect of processing parameters on hot cracking sensitivity

I n the previons chapter, the critical pressure drop above which

grain boundaries are sensitive to cracking is estimated based

on the RDG criterion applied in the framework of 1.-PBF-.

This chapter focuses on using this criterion and analyzing the
effect of first-order melting parameters of L-PBE on cracking
sensitivity. In addition, it also discusses the possible ways to
mitigate cracking via other process modifications. The chapter
identifies key parameters affecting cracking based on process
modifications and presents their sensitivity analysis to

understand their effect on hot cracking.
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6.1. Introduction

Now that we have rationalized the cracking sensitivity of HAGB and the position of the cracked HAGB
using the RDG criterion, we propose to evaluate the effects of processing parameters (melting conditions
and preheating) on the hot cracking sensitivity. Studying these various effects will allow us to provide

guidelines to limit cracking sensitivity based on the crude estimation of the critical pressure drop £ Peritical
= 2.45 GPa.

6.2. Evaluating cracking sensitivity for L-PBF melting parameters.

The laser power (P) and laser scanning speed (Vj4ser) are often considered as the first-order parameters
used to optimize the processing conditions to obtain a high relative density of the fabricated parts. In
order to establish the cracking sensitivity based on these first-order parameters, the solidification
parameters corresponding to them must be estimated. Since P and V44, are not the direct inputs to the
RDG criterion, they can be introduced into the model using their G and ». The thermal gradients and
solidification velocities cortesponding to different laser linear energy densities (EL= P/Vjgser) are
evaluated using the Rosenthal analytical solution. For each combination of P and Ve, the average values
of G and » (taken along the isotherm associated with the fraction of coalescence fs=0.97) are calculated,
similar to the analysis done for Figure 5-10c). Similarly, both the strain rate and the primary dendrite arm
spacing are updated according to the empirical formula given in Table 5-4 and based on the various
combinations of G and » corresponding to different Ep, i.e. melting parameters (P and Vjg4e,). Such an

approach will help to provide insights into the effect of first-order melting parameters on hot cracking.

The thermal gradient vaties from 10°-10° K/m and the solidification velocity vaties up to 0.7 m/s over
the range of experimentally investigated melting parameters (P: 164-274W, Vjgger: 600-1400 mm/s)
mentioned in section 4.1.4. The hot cracking sensitivity (HCS) maps shown in Figure 6-1 illustrates the
effect of these solidification parameters on the 21 Poal estimated using equation 5.1, taking into account
the coalescence undercooling Tye ( B) at 6=5°, 15° & 25°. The black lines indicate iso-pressute drop levels
and the black region (marked with a red dashed line) in the HCS map displayed in Figure 6-1 indicates
the pressure drop values higher than 2.45 GPa. Thus, this black region can be defined as the cracking

sensitive region, since the pressure drops in this region are considered as critical. It is also
important to point out that, as the misorientation increases, the region sensitive to cracking (AP >2.45
GPa) increases; thus indicating a higher sensitivity to HAGB’s for various melting parameters. This is an
original way to represent the cracking sensitive region including the L-PBF process parameters

and the coalescence undercooling behavior.
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Figure 6-1 a) b) & ¢) Hot cracking sensitivity (HCS) map for 0 = 5°, § = 15° & 0 = 25° respectively. Mean

crack density (measured experimentally) is also superimposed on the HCS map of figure c).

Similarly, as seen in the experimental section that LAGB were free of cracks, the HCS map of Figure 6-1a
gives a justification for this observation since there is no black crack sensitive region for /=5°. Another
important aspect of the HCS maps in Figure 6-1, is that, for a given thermal gradient, there exists a critical
solidification velocity above which, AP >2.45 GPa, i.e. cracking is probable. Thus for Figure 6-1c),
a critical solidification velocity above which cracking can occur, can be estimated, suggesting that there is
still some room to achieve a crack-free zone, in particular when solidification velocity is substantially
decreased to »=0.7-0.2 m/s. To obtain such solidification velocities (0.7-0.2 /), which to remind are the
average values along the 5=0.97 contout, we need to employ slow laser speeds typically ~ 200-400 nm/ s.
This can be inferred that, if we sufficiently reduce the solidification velocity below 0.2 m/s for the extreme
case of 0=25° (Figure 6-1c)), we could still achieve crack free region even under L-PBF conditions. In
other words, even for HAGB despite the coalescence undercooling, decreasing sufficiently the

solidification velocity can potentially help to decrease the cracking sensitivity.

As shown in Figure 4-16b), the mean crack density in the samples was found to vary as a function of the
linear energy density. In order to compare the experimental trend (Figure 4-16b)), their corresponding
solidification parameters (G, v) were linked to the crack density, and these data points were superimposed

on the HCS map of Figure 6-1c). All samples are found to lie in the predicted hot cracking sensitive
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Chapter 6. Effect of processing parameters on hot cracking sensitivity

region. The crack density tends to decrease as the solidification velocity decreases. Interestingly,
the lowest crack density (19 mm?) is found the closest to the transition limit defined by the critical
pressure drop, while the data point for the highest crack density (31.5 mm?) is positioned far away
from the boundary between the crack sensitive and non-crack sensitive regions. This suggests that
the prediction is qualitatively in agreement with the experimental measurements of crack density and thus
can be seen as a first step towards the validation of our predictions. To further validate our approach and
to refine the prediction of the crack sensitive region, one may want to also investigate solidification

conditions giving rise to crack-free samples.

However, achieving low laser speeds tend to increase the linear energy density. Figure 6-2, illustrates the
effect of linear energy density (Power and Vjgger) on the APl The pressure drop shows a decreasing
trend for high energy density. This suggests that to be less cracking sensitive, it is imperative to implement
melting parameters (mainly low Vjgge,) that give high laser energy densities = ~500 J/m. From Figure
6-2, it must be also highlighted that, when low linear energy densities (115-400 J/m) are employed like the
ones experimentally tested in the current study, these melting conditions will always lead to cracking
sensitive regions. Their mean crack densities (found experimentally) are superimposed in Figure 6-2. All
the cracking parameters found experimentally, lie in the cracking sensitive region predicted with our
modeling approach. This indicates that the RDG model can capture the cracking trend found

experimentally.
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Figure 6-2 Shows the total pressure drop as a function of melting parameters (linear energy density). Mean
crack density (found experimentally) is also superimposed to qualitatively compare the predictions and

experimental observations.

The HCS maps and the pressure as a function of linear energy density indicates that it will be very
challenging to achieve a crack-free zone, at least over the range of parameters investigated in this work.
Therefore, it is important to understand which solidification parameter (G or »), makes these low linear

energy densities return a higher pressure drop. In other words, which solidification parameter has an
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6.2 Evalnating cracking sensitivity for L-PBE melting parameters.

impactful effect on APiowl. From equation 5.1, it is straightforward to notice that, APshrinkage varies as a
function of »/G, however, PDAS (A) and strain rate (€) are also dependent on G and #, in our modelling
approach. Thus to take that into account, their empirical relations mentioned in Table 5-4 must be
substituted in equation 5.1 to know the eventual dependence of G and » on APt Assuming, Ge=0.97
is roughly equal to G at any f;, the pressure contribution from deformation (APdcformation) in equation 5.1
is found to be directly proportional to (v'***/G"»?) see the calculation of equation 6.1. A similar
exercise done for APshsinkage, yields the same dependence on G and ». Thus, the eventual dependence

of total pressure drop (A Proi) is also directly proportional to (v!64% /G352

). This suggests that »
has a strong influence on the (AProwl) compared to G, and thus explains why increasing solidification

velocity (decreasing Er), will eventually lead to high (AProwi), predicting cracking, as shown in Figure 6-2.

dT

180 (1 + B)u (T E(T)fs(T)?
APgeformation = 2
! A6 f (1-£m)

e T fs T)? T s T)dT
180 (1+[>’)M£j fs( ngcf( ) dT ... substituting for E(T)

Apdeformation = 12G.G Toe (1 _ fs(T))3
180 (1 + B) (. G.v) (T fs(T)*? ffgcﬂ(T) dT
Tgc (1 - fs(T))3

APdeformation - 212G
substituting for € = a.G.v, (assuming Grs—g.97 = G)

T f(T)? [T £(T) dT
180 (1 + Bu (av) f f5(T) ngCf( ) dT ... substituting for A

deformation (43.2 * (G.v)"0324)2¢G Tye (1 — fs(T))3

180 (1 + B)ua v1648 szfs(T)2 fTTgcfs(T) dr

APgeformation = > 3352 — dT (equation 6.1)
43.2 G Tye (1 _ fs(T))

The effect of laser speed can also be observed by estimating the pressure drop inside the melt pool regions.
To estimate the spatial distribution of pressure drop (APiow(X;))) as a function of laser speed, RDG
model was applied inside the melt pool corresponding to the location specific G(x,y) and #(x,y) in the XY
plane (top surface), similar to Figure 5-17a). According to Figure 6-3, for a given laser P=240 W and
varying laser speeds, the solidification velocity is the most affected parameter compared to the thermal
gradients inside the melt pool. For example, for V450 of 600 mm/s and 1000 mm/s, the maximum
solidification velocity is 0.6 m/s and 1 m/s, respectively; whereas the thermal gradients are barely affected.
Cortrespondingly for each set of G(xy)) and #(x)), the APusmi(;)) was estimated by implementing the
RDG criterion inside the melt pool. It must be noted that temperature variation inside the melt pool (T(x,

y)) was also considered in estimating the A Pioa(X;)).
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Figure 6-3 Effect of laser scanning speed (Vjgser: 200, 600, 1000 mm/s) on the spatial distribution of pressure
drop inside the melt pool in the XY-plane. The first two rows show the thermal gradients and solidification
velocity inside the melt pool corresponding to a constant laser power of 240 W. Pressure drop is estimated
inside the melt pool by implementing RDG criterion based on the location specific solidification parameters

(G, »).

For the Vjg5e,-=200 mm/s, the maximum AProrl(%,y) is ~ 10° Pa, whereas for the other two speeds (600
& 1000 mm/s) it exceeds more than ~ 10° Pa and ~ 10" Pa, respectively in the central region of the melt
pool. For the central location of the melt pool, where the laser is passing, the APiorai(x;y) is maximum

(better visualized in pressure map for Vjgse, =1000 mm/s). Thus, application of RDG criterion inside

the melt pool as shown in Figure 6-3, gives two important messages: (i) cracking sensitivity
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6.2 Evalnating cracking sensitivity for L-PBE melting parameters.

increases as the laser scanning speed and (ii) the central location of the XY plane melt pool has
the highest APotal(x,)).

The HCS map in Figure 6-1, the pressure drop for different energy densities in Figure 6-2 and pressure
drop inside the melt pool in Figure 6-3, all point to the same inference that it would be very challenging
to achieve a crack-free zone, at least over the range of investigated melting parameters (P: 164-274W,
Vigser: 000-1400 mm/s). One would need solidification velocities below a critical value estimated
to be about 0.2 m/s to produce less cracking sensitive L-PBF parts. This inference, that reducing
laser scanning speed will decrease the tendency for the 6061 Al-alloy to crack, is in correlation with the
results reported in ref [34], which also reports a similar link between cracks and Vg4, for Al-Cu-Mg alloys
fabricated by L-PBF. However, reducing laser-scanning speeds and consequently increasing the Ef, has its
shortcomings. Indeed, when, Vjgser < 200-400 mm/s was employed to fabricate samples by L-PBF,
technological issues related to powder spreading onto the building platform were encountered (ProX200
machine). The roller used for spreading powder was occasionally blocked due to the overheating of the
samples causing sample deformation at high Ej. Besides, for low laser speed, productivity might decrease
significantly. Similarly, other physical issues related to keyhole porosity or spattering might become
predominant due to low scanning speeds [76]. Another consequence of high linear energy density can be
the evaporation of key alloying elements such as Mg, which might induce melt pool instabilities and alter
the post-fabrication chemical composition of the 6061 Al-alloy. Thus, decreasing Vjgge,< 200-400 mm/s
might be beneficial to reduce cracking sensitivity when the 6061 Al-alloy is fabricated by L-PBF, but, it

might raise other technological or physical issues.

Another quantity that will be affected by the process parameters is the length of the mushy zone (L, see
section 5.4.3), which we have not addressed so far. The length of the mushy zone can also varies inside
the melt pool for a given set of parameters (P, Vj45er), see Figure 5-11b). Considering the maximum
length of the mushy zone (max L) for a combination of (P, Vjgser), and evaluating the effect of various
linear energy densities (Er) on (max [°), will permit us to visualize the trend in cracking location. Figure
6-4 shows the effect of linear energy density on maximum I *. In contradiction to Figure 6-2, the length
of mushy zone increase as a function of linear energy density (see Figure 6-4), since higher laser energy
densities impart larger melt pools depths. The two concepts (APotat and L) indeed seem to give a
contradiction with respect to their variation as a function of energy densities. However, it must be
noted that, cracking occurs by the virtue of increase in pressure drop and the concept of extent of mushy
zone can only guide us qualitatively to determine its most probable location. The length of mushy zone is
not ‘the criterion’ to predict cracking, it is just a qualitative indication to expect the most probable location,
given that Pl for those particular locations exceeds 2.45 GPa. Thus, just considering the concept of

length of mushy can be misleading and hence must be dealt with due care. The pressure drop criterion

must be given the priority to predict cracking in comparison to the length of mushy zone.
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Figure 6-4 Maximum length of mushy zone (L) as a function of laser linear energy density. The maximum
length of mushy zone was estimated using the concept of coalescence undercooling at 0=15° for a the studied

process parameters (P, Vjgger)-

Summary

The effect of first-order melting parameters (P, Vjq5er) Was evaluated for cracking sensitivity based on the
RDG criterion. It was concluded through the analysis of Hot cracking sensitivity (HCS) maps that, it is
mandatory to reduce the solidification velocity (#<0.2 m/s) to be less cracking sensitive. Solidification
velocity is also found to be a highly influential factor compared to the thermal gradients. To achieve
solidification velocities less than 0.2m/s, the laset speeds must be lowered to 200-400 mm/s. This lowering
of laser speeds increases the linear energy density and can lead to different technological issues (spattering,
keyhole porosities, blocking of powder spreading & Mg evaporation). Thus based on our modelling
approach, by varying the first-order melting parameters during L-PBF it will be very difficult to
achieve a crack-free zone in 6061 Al alloy, similar to the experimental observations reported in
Chapter 4.

6.3. Effect of preheating conditions.

The previous section has shown that one way of minimizing hot cracking is to decrease the laser speed
(affecting the solidification velocity). However, this might cause other issues as described previously. Here,
we investigate other proven methods (mainly preheating [3]), which can modify solidification parameters
(in particular the thermal gradient G) without giving any additional technological (powder spreading) or

physical problems (keyhole porosity, spattering). Thus, to investigate the preheating effect, the substrate
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6.3 Effect of prebeating conditions.

temperature was varied from To = 20°C (no preheating) to To = 500°C, in the Rosenthal analytical solution
mentioned in equation 5.7. Figure 6-5 a)-b), illustrate the effect of preheating temperatures on the
thermal gradients and solidification velocities, respectively. These solidification parameters are estimated

along the melt pool contour of f5=0.97 using the Rosenthal equation. It can be noticeable in Figure
6-5a) that, the thermal gradient Gg=0.97 can be dectreased by 1 or 2 orders of magnitude when high
temperature preheating is employed. For To = 500°C, the thermal gradient varies from ~10%- 10°

K/m in comparison to 10°- 10’ K/m when no preheating is applied. On the contrary, as shown in

Figure 6-5b, solidification velocities do not drastically change due to preheating.
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Figure 6-5 a) Effect of the preheating temperature on thermal gradients along the £=0.97 contour of the
respective melt pools (for P = 240W and V44, = 600 mm/s). b) Effect of the preheating temperature on
solidification velocities along the 5=0.97 contout. c¢) Typical melt pools in ZX-plane for different preheating
temperatures (To=23°C and Ty=500°C). d) HCS map (To = 500°C) estimated using the updated G and 2 of the

preheated melt pools and updated PDAS using the empirical formula (A = 43.2 (G.v 0524
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Chapter 6. Effect of processing parameters on hot cracking sensitivity

For P = 240W and Ve = 600 mm/s, the melt pool depth will increase as a function of To (see Figure
6-5c). This results in a slight change in the magnitude of the solidification velocity at a particular melt pool
depth for different preheating temperatures in Figure 6-5b). However, as compared to thermal gradients,
the solidification velocity order of magnitude is not affected by preheating. More importantly, the results
presented in section 6.2, suggest that decreasing the solidification velocity can be an efficient way of
reducing the hot cracking sensitivity.

Using these updated values of G and » obtained when preheating is applied; the total pressure drop can
be estimated (assuming that coalescence undercooling and the parameters mentioned in Table 5-4 are not
affected by preheating). Note once again that both the strain rate and PDAS are updated based on the
calculated values of both G and #. The HCS map displayed in Figure 6-5d) shows the effect of To =

500°C on the total pressure drop using the updated solidification parameters, G (10*- 10> K/m) and # (0.3
m/s). Since preheating does not drastically alter the solidification velocity but decreases
substantially the thermal gradient, the RDG criterion predicts a higher pressure drop when
preheating is applied. Such a dependence can be explained using the equation 6.1 (A Prota &

(v64 / G"%%2)) where decreasing the G and non-altering v, does increase the pressure drops.
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Figure 6-6 a)- b) SEM micrograph and corresponding HCS map, respectively, of 6061 Al alloy fabricated
under L-PBF (P: 240W, 1}45¢,-:600 mm/s) with ‘no preheating’. ¢)-d) Optical micrograph (adapted from ref.
[3]) and corresponding HCS map, respectively, of 6061 Al alloy fabricated under L-PBF with ‘preheating T'o=

500°C.

157



6.3 Effect of prebeating conditions.

Such a result of predicting higher sensitivity to cracking due to preheating at To = 500°C, is not consistent
with the results published by Uddin e# 2/ in [3]. They showed that cracking can be suppressed with a
preheating temperature of 500°C. To discuss this contradiction between our predictions using the RDG
criterion and the experimental results of Uddin ez a/. 3] obtained in the case of preheating; we have roughly
estimated the PDAS of the preheated samples at 500°C based on the micrographs published in the study
of Uddin ez 4/ [3]. Figure 6-6a) shows the etched micrographs for the case of ‘no preheating’ (present
study). The primary dendrite arm spacing estimated from this micrograph is roughly 0.49 um, which is
similar to the one predicted using the empirical formula: (A = 43.2 (G.2)*"”). Figure 6-6b) shows the
corresponding HCS map (where PDAS was updated using the empirical formula). Similarly, Figure 6-6¢)
shows the ‘preheated’ micrograph from the work of Uddin e @/ [3] and Figure 6-6d) shows its
corresponding HCS map (considering the actual PDAS of ~15um from the Figure 6-6¢) and not via the

empirical formula).

It was found that in ref. [3] (see Figure 6-6¢)), the PDAS was ~15 y» whereas the empirical formula used
in the present work (A = 43.2 (G.2)"7? as suggested in [15]) would give a PDAS of about 1.5 u for a

preheating temperature of 500°C (G = 10° K/m and » = 0.3 m/s). Thus, in comparison to the case
without preheating (PDAS ~0.49 um), the PDAS is significantly increased to ~15um when the
preheating temperature of 500°C is employed. This last result further suggests that the empirical
equation used for estimating the PDAS is likely not relevant to extrapolate values over a large range of
solidification conditions, in particular when preheating is applied. At the same time, one should

acknowledge that the total pressure drop is inversely proportional to the squate of the PDAS (AP;ypq; X

%2, see equation 5.1). It means that the PDAS strongly affects the pressure drop. The total pressure drop
was then calculated using the PDAS measured to be equal to 15 pm based on the micrographs published
by Uddin ef a/. [3] and Figure 6-5d) was subsequently updated to Figure 6-6d). Considering a PDAS of
15 wum demonstrates that the cracking sensitivity of the 6061 Al-alloy will strongly decrease when
preheating (by comparing Figure 6-6b) and Figure 6-6d) ). Thus, it is very important to use accurate
information concerning the different inputs of the RDG criterion, to relatively compare different

solidification conditions.

Finally, it is also important to point out that the ratio G/ is known to control the morphology of the

solidification front. It means that a decrease in this ratio can help to break down the cellular front and to
promote the development of dendrite secondary arms. Here, it was shown that a preheating stage allows
a decrease in the thermal gradient (G), and therefore the G/ » ratio. Such a decrease might help to promote
the development of dendrite secondary arms. It is thought that such a morphological change of the
solidification front might also lead to an improvement of the coalescence behavior by breaking down the

continuous liquid films.

Summary

The RDG criterion was used to evaluate the effect of pre-heating the substrate to predict the cracking

sensitivity. Using Rosenthal analytical solution, thermal gradients and solidification velocities were
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estimated for a preheating condition of 500°C. It turns out that, G is significantly lowered to 10*10° K/m,

and whereas the order of magnitude of » is not altered. Using these inputs for the preheating case, and the
actual PDAS corresponding to the micrograph reported by Uddin ez @/ [3] for the preheating case, the
RDG criterion was able to estimate lower pressure drops, indicating beneficial effects of preheating to the

cracking sensitivity.
6.4. Sensitivity studies for different parameters.

Depending on the inputs of equation 5.1, the total pressure drop can vary and significantly deviate. Hence,
it is important to carry out a sensitivity analysis for the key input parameters of the RDG model. This
section deals with varying the input parameters and understanding the effect on the total pressure drop. It

also discusses the methods needed for controlling these inputs parameters, to avoid the cracking tendency.
0.4.1. Primary dendrite arm spacing (A)

The first important microstructure parameter which depends on the solidification process is the primary
dendrite arm spacing (PDAS). In the original formulation of the RDG criterion, the characteristic length
of the microstructure is considered as the secondary dendrite arm spacing (SDAS) and not PDAS. The
dependence of SDAS on pressure drop calculation in the RDG criterion comes from the concept of
permeability (comparing equation 5.1 and equation 6.2). By definition, permeability is the ease of liquid
flow through a porous medium. The RDG criterion relies on the Carman-Kozeny relation (see equation
6.2), which shows that the ease of liquid flow (i.e. the permeability) in the mushy zone depends on the
shape of the solid skeleton (i.e. it will depend if the mushy zone has primary arms or secondary arms) and
also the solid fraction [161]. According to the fracture surface micrographs of Figure 4-21, the dendritic
morphology gives evidence of mainly the primary arms and secondary arms are barely seen or are in the
stage of initiation. Having said that, thus it is important to use the permeability of liquid in the presence
of solid skeleton, which has mainly the primary arms. According to Poirier [162], if the liquid flow is
parallel to the columnar dendrites, the permeability depends only on the PDAS and not on SDAS.
Thus in the current study, the use of PDAS instead of SDAS in the RDG model can be justified according
to ref [162]. Moreover, one could even derive geometrically the permeability, which is solely depending

on the primary trunks than the complex dendrites.

A1 -f(D)°
180 £.(T)?

(equation 6.2)

Where K is the permeability of the mushy zone, A is the characteristic length of the microstructure

(typically the secondary or primary dendrite arm spacing) and /(1) is the fraction of solid as a function of

temperature.
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6.4 Sensitivity studies for different parameters.

As seen previously that depending on the preheating conditions, PDAS can be significantly affected.

PDAS can also be affected due to different solidification processes. Table 6-1 compares the G and » for

casting, welding and L-PBF processes. The typical PDAS’s for these processes are estimated using the

empirical formula: A = 43.2 (G.») *?? [15]. The choice of this relation is detailed in section 5.5. It must be

kept in mind that the empirical relation to estimating the PDAS was experimentally verified for the cooling
rates typical of L-PBF (10>-10" K/s) in ref [15]. For other processes like welding and casting that have

comparatively low cooling rates, the relation must be used with care. Here in this section, the sensitivity

study was just to have a rough estimate of the PDAS variation between different processes, thus the same

empirical formula for PDAS was retained. To visualize how the PDAS changes with (G, v), see Figure

6-7a). The PDAS increases rapidly for a decreasing G and 2, i.e. casting and welding regimes will have

higher PDAS compare to L-PBF.

Table 6-1 Estimated PDAS for various processes based on solidification parameters.

Casting [82] Welding [83] L-PBF
v(m/s) 0.001 0.001 0.001 0.1 0.1 10
G(K/m) 10 10 10° 10° 10° 10°
PDAS(m) 1.92x10* 2.05x10” 9.72 x10° 219 x10° 1.04 x10° 5.24 x10°
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Figure 6-7 a) Evolution of PDAS as a function of thermal gradient and solidification velocity (according to (A
=432 (G.v) 024 1) Sensitivity analysis for variation in primary dendrite arm spacing (PDAS). The effect of
PDAS variation on pressure drop is shown assuming all other input parameters to be not affected ((G=2.8x106

K/m and v=0.3 m/s, for 6=15°).

According to equation 5.1, AP o 1/A?, the pressure drop decreases rapidly for an increasing PDAS,
also confirmed by the sensitivity analysis of Figure 6-7b). Here, the sensitivity analysis for PDAS was
done by vatying it from 107 to 10 m, to understand the resulting variation in total pressure drop. The
graph appears to be linearly decreasing due to the logarithmic scale. The A corresponding to the critical
pressure drop is around 0.6 um and increasing it slightly to 1 um can relatively decrease the pressure drop.
Hence to understand which solidification process can capture such an increasing trend of A, the typical
PDAS corresponding to different process regimes from the values in Table 6-1 are then superimposed
on Figure 6-7, to know their relative cracking sensitivity tendency, in a qualitative way. It should be noted

that the pressure drop calculation for Figure 6-7b) does not take into account the individual solidification

parameters (G, V) corresponding to the different solidification processes, it only alters the A to see its
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effect on pressure drop for the G, v corresponding to optimized L-PBF condition (P: 240W and vqger:
600mm/s). According to Figure 6-7b), the characteristic length corresponding to casting regime and
welding regime estimate relatively lower pressure drop values compated to A’s of the L-PBF regime. This
indicates that one way to decrease the cracking sensitivity in L-PBF conditions is to somehow concentrate
on increasing the PDAS. Physically it means that the permeability of the mushy zone will be high for
increased PDAS, resulting in better liquid feeding. However, permeability also depends on the morphology
of the dendrites. Since in the present work only cellular dendritic morphology was observed, the role of
morphology will not be much relevant and thus the magnitude of PDAS will control the permeability

behavior.

Addressing the solidification parameters needed to achieve a crack-free zone under L-PBF conditions has
been already addressed in section 6.2. However, to give a bigger picture of the HCS map, which includes
different solidification processes (with updated G & v), is presented in Figure 6-8. PDAS corresponding

to the different solidification process was estimated using the empirical law (A = 43.2 (G.v) %%, to

generate the HCS map. The black region in Figure 6-8 denotes the APiowl > 2.45 GPa and thus indicating
cracking sensitivity for the L-PBF process. Even in L-PBF, there is still a region, which is less cracking
sensitive. This region can be achieved by reducing solidification velocity, similar to the conclusion of
section 6.2. Similar to Figure 6-7b), the HCS map predicts lower cracking sensitivity to the casting and
welding compared to L-PBF

However, as seen in the literature section, 6061 Al alloy is also reported to be cracking during welding. As
mentioned previously, the cracking sensitivity criterion is based on pressure drop for L-PBF process
considering the experimental observations of HAGB cracking. Several assumptions have gone into
establishing this critical pressure drop like the coalescence solid fraction taken at f5=0.97 and the
undercooling at 6=15°, constant viscosity, crude approximation of strain rate etc. Thus comparatively to
other processes, the pressure drop criterion will just provide a relative idea about the cracking sensitivity.
In order to be sure and absolute for the cracking sensitivity in welding like process, the critical pressure
drop corresponding to welding must be computed by taking inputs specifically observed during welding.

For example, knowledge of following factors is necessary to estimate the cracking criterion during welding:

1. Microstructure: Welding can cause significant microstructural changes compared to L-PBF
microstructure.

e Microstructural inputs like PDAS must be accurately predicted for the welding process since
the PDAS empirical relation used in the present study is experimentally verified only for the
L-PBF processing conditions.

e Misorientation based cracking must be investigated in welding. Whether the HAGB are
susceptible to cracking? If HAGB are susceptible, coalescence undercooling specifically for
welding must be evaluated.

2. Solidification parameters (G, V) estimated during the welding (inside the melt pool).
e Melt pool geometty, i.e. the dimension can be significantly different compared to L-PBF, since

cooling rates are quite different.
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3. Mechanical constraints needs to be considered when predicting the cracking during welding. These
constraints during welding can cause restrictions to the materials expansion or contraction, which is
not the case in L-PBF. Their presence during welding can significantly affect the residual stress state

and level of distortions in the material.

Thus to better estimate the cracking sensitivity using the RDG criterion, experimental feedback is
important to accurately determine the cracking sensitivity criterion. A similar methodology employed in
the present study might be useful to predict a critical pressure drop corresponding to the welding

processes, beyond which the alloy becomes crack sensitive.
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Figure 6-8 Hot cracking sensitivity map showing three different process regimes: casting, welding, and L-PBF
marked in ‘colored dashed squares’. The pressure drop was calculated assuming inputs from Table 5-4 and at

coalescence undercooling of 15°.

Speaking about the typical PDAS in the L-PBF framework, it can vary from 0.05 um -1um (estimated
based on the PDAS empirical relation). Similarly, a way to control the PDAS of 6061 Al-alloy during -
PBF is by the utilization of preheating. With preheating of 500°C, the PDAS can increase to ~15pm (see
section 6.3). Such an increase of PDAS is only possible due to preheating, which can significantly reduce
the cracking sensitivity. In other words, the variation of PDAS shown in Figure 6-7b) is highly possible
in the framework of L-PBF. Investigation of variation in PDAS by other processing methods apart from

the preheating must be examined (for example, double lasers, use of ultrasound etc).
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6.4.2. Strain rate (&)

Another important input of the RDG criterion is the strain rate. In the original formulation of the RDG

model, the deformation is considered to occur perpendicular to the direction of dendrite growth. The rate
at which deformation in the mushy zone takes place is by the virtue of local solidification parameters (G,
7). Thus, depending on the deformation rate, the pressure drop in the mushy zone can vary and affect the
cracking sensitivity. This section deals with understanding the effect of strain rate sensitivity on total

pressure drop.
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Figure 6-9 a) Shows the effect of strain rate sensitivity on total pressure drop estimated for G=2.8x100 K/s

and v=0.3 m/s & 0=15°. b) Effect of solidification velocity on the critical strain rate (beyond which cracking is
highly probable), considering the AP, yiticqi=2.45 GPa.

In our study, the strain rate was assumed to depend on the local solidification parameters using the crude

estimation (€ =o* Gg=0.97 * V), as reported in ref [97]. In the current sensitivity analysis, the strain rate
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was varied from 10* to 10°s™, and the total pressure drop was estimated as a function of strain rate, as
shown in Figure 6-9a). The higher the strain rate, the higher will be the deformation causing cracking
sensitivity. For instance in Figure 6-9a), the total pressure drop increases rapidly after a given strain rate
in the range of (¢ =1 to 10 s™) and reaches the critical pressure drop around €~19 s. For € <1 s, there
is negligible influence of strain rate on the pressure drop. This indicates that, to have higher pressures
drops reaching critical value, a high strain rate (>1 s™) might be needed. Such high strain rates are typical
of L-PBF and thus weakens the ability of the mushy zone to resist the thermal strains during the last stage
of solidification. This suggests that, it is imperative to increase the ability of the mushy zone to resist high

strain rates.

Another way to look at the deformation problem inside the mushy zone is by considering the critical strain
rate (Ecriticar)- The Ecriticar is defined as the strain rate beyond which, AProrqr > APeriticai=2.45 GPa,
i.e. the point at which, the maximum capacity of the mushy zone to bear the strain rate has been reached.
Beyond the critical strain rate, cracks can nucleate and further weaken the mushy zone. The critical strain

rate can be estimated using equation 6.3, at the critical pressure drop.

In the previous section, it was concluded that reducing solidification velocity will be beneficial for cracking
sensitivity. To see how the critical strain rate is varied as a function of 2, please refer to Figure 6-9b). The
critical strain rate decreases as the solidification increases. This suggests that, for lower #, the critical strain
rate will be higher, making the mushy zone more resistant to the deformation, in comparison to the high
solidification speeds. This is another reason why lower solidification velocity is beneficial for avoiding
cracking. Moreover, two regimes can be identified in Figure 6-9b), the region above the critical strain rate
curve, ‘grey region’ is referred to as cracking sensitive and the region below ‘green area’ is considered as
less sensitive/crack free. For each solidification velocity, thetre exists a strain rate beyond which cracking

is highly probable (i.e. the &cpiticar)-

It must be also noted that the critical strain rate shows a transition from positive values (tensile strains) to

negative values (compressive strains) when solidification velocity is high enough (~0.46 m/s). This
happens because the APgprinkage increase as a function of » (see the blue curve of Figure 6-9b) and
reaches a value of 2.45 GPa at » = 0.46 m/s. This makes the numerator of equation 6.3 = zero, i.e. when
APcriticat = APsprinkage= 245 GPa for the »=0.46 m/s; the resultant critical strain rates are
‘compressive’. It is known that cracks are triggered due to the strains that are ‘tensile’ in nature and not by
the ‘compressive’. However, for high 2, the critical strain rate is compressive in nature. To explain cracking
for high » regime, please refer to the APsprinkqge curve. Consequently, the shrinkage dominates the

deformation, as the APsprinkage > APcriticat = 245 GPa (for v>0.46 m/s). That is the reason why the
area enclosed within (€¢iticqr < 0and v > 0.45m/s) do not lead to cracking due to deformation,
however, in reality cracking occurs for such high solidification velocities due to the dominant shrinkage

contribution.

APcritical - APshrinkage

180 (1 + By (1t f2 [ fs
A2G2 ngC (1 — fs)3 ar

(equation 6.3)

Ecritical =
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It is highly important to control the strain rate since slight fluctuation can result in attaining the critical
strain rate, beyond which cracking is most probable. However, reliably predicting the cracking sensitivity
based on the RDG model, it is necessary to have a rough estimate of the strain rates in the mushy zone.
In the framework of L-PBF, it is very rare and difficult to measure the strain rate during the high cooling
rates associated with the process. The strain rates reported in literature dealing with the application of the
RDG criterion to alloys fabricated during L-PBF, use the strain rates obtained in the welding literature,
see ref [163]. In the present studies, we tried to make a crude estimation, similar to ref. [97] and found a
strain rate for L-PBF conditions could be in the range of 1-19 s. These values are comparatively higher
than the ones reported in welding literature (10 -10* s)[7,89]. Thus until now, thete are no expetimental

studies that report the strain rates identified during the L-PBF process.

In addition, the strain rate can be significantly affected by the microstructure (the grain size), as pointed
out by Coniglio ez a/. [90]. It is the only parameters in the RDG model, which can have a direct correlation
with the grain size since strain partitioning is likely possible in the mushy zone. Increasing the number of
interfaces (refining the grain size) to re-distribute the strains can be thought of as a way to increase the
strain bearing capacity of the mushy zone. Investigating this link would require running mechanical tests
in the mushy zone for microstructures having different grain sizes to establish the link between the strain

rate and the grain size.

6.4.3. Viscosity (u)

Another parameter that we have not discussed yet is the viscosity of the liquid. It is known that the
permeability of the liquid depends on the shape of the solid skeleton and fraction of the solid, according
to the Carman-Kozeny equation used in the RDG criterion. According to Darcy’s law [161], the velocity

of liquid feeding (L) is described according to equation 6.4.

_ K, dP

4

— — equation 6.4
L dx (eq )

. . . . . . ap . .
Where K is the specific permeability, # is the viscosity and xS the pressure gradient along the liquid
flow direction. Thus, the lower the viscosity of the liquid, the higher will be liquid feeding flow velocity
into the dendrites. The liquid flow also depends on the permeability factor, which in turn depends on the

morphology of dendrites, see section 6.4.1. This current section focuses on the effect of variation in
p zy )

viscosity on the total pressure drop.

In our analysis of the RDG criterion, the viscosity was assumed to be constant (# =0.0014 Pa.s) [157] and

taken as the one for pure Al, as mentioned in Table 5-4. However, in reality, viscosity is dependent on
temperature and can strongly fluctuate due to solute content. Figure 6-10, shows the sensitivity analysis

of viscosity in determining the pressure drop. Viscosity seems to have a strong dependence on pressure
drop based on equation 5.1. The total pressure drop is directly proportional to #. Thus, a slight variation

in # can significantly increase or decrease the cracking sensitivity.
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Figure 6-10 Shows the effect of viscosity on vatiation in total pressure drop calculated for G=2.8 x 10¢ K/m,
»=0.3 m/s, and 6=15°,

A similar exercise was done by generating the hot cracking sensitivity maps in L-PBF processing conditions
for various viscosities, as shown in Figure 6-11. From a) to e) in Figure 6-11, the viscosity is decreased
to see its eventual effect on the HCS maps. A large variation of the viscosities was deliberately performed
to identify values that lower the pressure drops. The realistic feasibility of these viscosities will be discussed

later.

For the case of viscosity value (# =0.0014 Pa.s), which is used in the current study corresponding to pure
Al alloy (i.e. Figure 6-11b), the crack-free region can be achieved for #<0.2 m/s. Decreasing the viscosity

by an order of magnitude (# =0.00014 Pa.s), as shown in the HCS map of Figure 6-11e), a less crack

sensitive region can be predicted for the L-PBF conditions. This suggests that, viscosity of the melt
can be an important factor to be considered while designing crack-resistant alloys for L-PBF. In

other words, it should be looked as a parameter for alloy design.
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Figure 6-11 a) — ¢) Hot cracking sensitivity maps in L-PBF processing conditions as a function of viscosity.

It is known that viscosity can be affected by temperature and also by the presence of solutes. Investigating
effect of solutes on the viscosity of the alloy is a difficult task. Considering the temperature aspect, a way

to estimate viscosity dependence on temperature is using the Arrhenius form as reported in ref [157].
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Many other parametric based models and empirical formulas have been proposed in literature but the
Arrhenius based viscosity seems to fit most of the metal viscosities, according to ref [164]. Thus to

understand the variation of viscosity in the range of solidification temperatures, equation 6.5 was used.

E
u(T) = p,ert (equation 6.5)

Where, U, is pre-exponential viscosity, IZ is the activation energy for the viscous flow, R is the gas

constant (8.314 Jmol' K') and T'is the temperature (K). Table 6-2, provides the data needed to estimate

the temperature dependent viscosity for pure Aluminum.

Table 6-2 Viscosity data for pure Aluminum at melting temperatures, adapted from [157] [164].

Solute elements T, (°C) U, (Pa.s) E (KJ/mol) u(T;) in mPa.s

Al 660 0.000257 13.08 1.4

Using the data of Table 6-2 for pure Al, the evolution of viscosity in the temperature range (Liquidus to
grain coalescence temperature considered at 0=15°) is shown in Figure 6-12a). In the current study, u(T})
for pure Al was assumed to be constant (1.4 mPa.s), for the entire solidification range. However, as seen
in Figure 6-12a), the viscosity can vary with the temperature based on the Arrhenius law. As the
solidification progresses (temperature approaching solidus), the viscosity continuous to increase and

reaches a high point of about 0.003 Pa.s, indicating that at the end of solidification the liquid feeding will
be difficult. It should be noted that, for T="T1.=652°C for 6061-grade, the calculated viscosity is around
0.0014 Pa.s and around T=T(6=5°)=558°C, the p. ~0.0017 Pa.s. This difference is not so much;
however, it can still affect liquid feeding. To take this temperature dependent viscosity into account and
estimating the cracking sensitivity based on pressure drop, the equation 5.1 must be updated to equation
6.6, to include the u(T) inside the integrand function. In such a way, while computing the integrand
function in a range from T1 to Ty, the p corresponding to different temperatures will be taken into
account. This modification allows us to compute the pressure drop and also develop the HCS maps, taking
into account the u(T). Thus, the HCS map of Figure 6-1b) (for constant 4 and 6=15°) can be updated
to Figure 6-12b) (considering u(T) and 6=15°). In comparison to the Figure 6-1b), the Figure 6-12b)
shows a slight increase in the cracking sensitive area. By taking into account u(T), the solidification
velocity needed to achieve the crack free regions tends to occur around »<0.15 m/s, compared to
previously predicted #<0.2 m/s. Thus, in reality, it indicates that we might need to even further decrease
the 2 since viscosity is temperature dependent. This inference is just by considering the pure aluminum

case as a function of temperature, practically, the viscosity can also deviate due to the presence of other

solute elements present in the 6061 Al alloy.
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Figure 6-12 a) Dynamic viscosity of pure Aluminum as a function of temperature in the solidification range

(T to Tge(6=15%). b) HCS map of 6061 Al alloy for L-PBF, taking into account the W(T) for pure Aluminum.

To take into account the effect of solute contents on the net viscosity of the 6061 Al alloy is a difficult
task. However, various models have been already published to evaluate the viscosities of the binary and
ternary alloy systems. Analyzing the net viscosity of an alloy, will need further experimental studies like
the ‘oscillating vessel method’ or capillary rheometry experiments, as reported in ref [157]. The viscosity
range of some of the Al-alloys is listed in Table 6-3 for a temperature range of 900-1073K. According to
Valencia e al. [17], the viscosity of the Al-alloys varies from 1-1.4 mPa.s and there is not much of a
difference when comparing alloys from different series. However, the viscosity of the individual Al-alloys
can be altered by changing the solute composition but there are very few published studies that evaluate
this effect.

According to ref [157], Si and Zn tend to decrease the net viscosity of the binary Al alloys, however, till
now, their effect on alloys like 6061, is not yet reported. The reduction of cracking observed in 7075 Al-
alloy by addition of Sj, is attributed to the reduction of melt viscosity by Si addition, according to Sistiaga
et al. |5]. Similarly, according to ref [157], elements like Mg, Cr, Mn, Ti, Ni tend to increase the net viscosity
of the binary Al-alloys, but the literature lacks information concerning the effect on alloys having many
solute elements. Thus, it is very difficult to predict the net viscosity of the 6061 Al-alloy based on solute
content modification and it is highly unlikely that the modification can lower the viscosity by at least an

order of magnitude (see Figure 6-11e)) to be less cracking sensitive.

170



Chapter 6. Effect of processing parameters on hot cracking sensitivity

Table 6-3 Dynamic viscosities of Al-alloys (adapted from ref. [17])

Al-alloys (wt%) Dynamic viscosity (mPa.s)
7075 (6.1Zn-2Cu) 1.1-1.3
6061 (1.2Mg-0.8Si) 1.15-1.4
2024 (4.4Cu-1.5Mg) 1.1-1.3
3004 (1Mg-1Mn-0.4Fe) 1-1.15
A319 (58i-3Cu-1Zn) 1-1.3

Thus, knowing the present state of the literature with viscosity, a large variation of viscosity is unlikely to
be possible. It is highly probable that solute content modification to a greater extent can decrease the

viscosity, but changing alloy composition drastically is not always desirable.

6.5. Summary

The chapter focuses on the implementation of the RDG criterion based on a critical pressure drop of 2.45

GPa, developed in chapter 5 to evaluate the processing conditions of L-PBF. Using the Rosenthal
analytical solution, the L-PBF melting parameters namely, power (P) and laser speed (Vjq5er) were linked

to corresponding solidification parameters: (3,2, which are the direct inputs of the RDG criterion. Using
such methodology, hot cracking sensitivity (HCS) maps were developed, which is an original way to
identify the hot cracking regions based on solidification parameters. Experimental feedback from the crack
density analysis was qualitatively compared with the prediction. The modeling approach was able to predict
the crack sensitive zones and further provide guidelines to reduce the cracking density in the 6061 alloy
fabricated by L-PBF. Based on the HCS maps, to be in a crack-free region during L-PBF, it is necessary
to have a solidification speed of less than 0.2 m/s, this can be done by lowering the laser speeds to around
200-400 mm/s. However, with such low laser speeds, there is an increase of linear energy input causing
other technological issues (blocking of powder spreading roller, keyhole porosities, or possible Mg
evaporation). Thus, it is very difficult to expect less cracking sensitivity just by modifying the first-order

melting parameters of L-PBF.

Another promising way to avoid the cracking, which has been already reported in literature [3], is the
preheating of the base plate during fabrication. The reasoning behind the beneficial results with preheating
was not clearly highlighted in ref [3]. To explain this effect using the RDG model, estimation of

solidification parameters for the preheating of 500°C was done using Rosenthal solution. It was found
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that, thermal gradients were significantly reduced and solidification velocity was not affected. In addition
to that, the primary dendrite arm spacing (PDAS), was found to significantly increase with the preheating
conditions, which was never identified as a parameter affected by preheating. Thus, including this
observation of PDAS in the RDG criterion, helps to predict the beneficial effect of the preheating
condition during L-PBF. Thus combining slow laser speeds along with preheating of 500°C, can result in
crack-free 6061 Al alloy parts, by L-PBF.

Based on our sensitivity analysis, various parameters like the PDAS, the viscosity of the melt, and the
strain rate experienced by the mushy zones were found to affect the cracking sensitivity, see Figure 6-13.
As summarized in Figure 6-13, the black curve of PDAS indicates that it is the most sensitive parameter
to affect the pressure drop, followed by viscosity and strain rate. In L-PBF framework, large variations of
PDAS are possible, since preheating was found to affect the PDAS significantly. Viscosity of the melt
liquid is the second most sensitive parameter and its variation to a larger extent is less likely to occur
according to ref [17]. In addition, viscosity is the metallurgical parameter that needs some consideration
while designing crack-resistant alloys for L-PBF. Similarly, strain rate does influence the cracking sensitivity
but measuring and estimating the strain rate in the L-PBF framework is challenging since it can be easily

affected by the solidification conditions and the microstructure.

Thus to summarize, future research efforts must concentrate on finding new ways to alter the PDAS (like
in the case of preheating) or refine the microstructure to accommodate the strain rates to minimize the
cracking in 6061 Al-alloy during L-PBF.
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Figure 6-13 Summarized pressure drop sensitivity analysis due to variation in parameters, namely, PDAS,

viscosity, and strain rate.
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7. Effect of chemical composition modification on the hot cracking sensitivity

T/?z'y chapter focuses on understanding the effect of solute

content modification on predicting cracking sensitivity. It
identifies the solute elements in 6061 Al-alloy, which play a

major role in driving the cracking issues of the alloy.

It details the key insights needed to be considered during
alloying additions, by combining the thermodynamics with the
reported experimental observations. The chapter constructs
out a methodology to find new alloy compositions, which are
not sensitive to cracking during 1-PBF, and provides
qualitative inputs to incorporate the effect of nucleating agents

in predicting the cracking sensitivit).
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7.1. Introduction

As mentioned in the literature, several Al-alloys have been tested with L-PBF. For example, the AlSi10Mg
and AlSi7Mg have been reported in numerous literature to be easily fabricated (crack-free, less porosity)
by L-PBE, compared to structural Al alloys (6xxx and 7xxx series). This feasibility of fabrication to produce
crack-free parts can be attributed to the solute content and the nature of solutes present in the alloys.
Table 7-1 shows the solute content of selected Al-alloys tested using I-PBE. The Al-Si-Mg family contains
a lot of Silicon compared to other structural Al —alloys. For the 7075 Al alloy, which is also frequently
reported to be cracking sensitive, high levels of Zn and Cu are present, compared to the 6061 Al-alloy.
Thus, variations in alloying elements can directly affect the solidification path of the respective alloys and

affect their processability.

Table 7-1 Standard solute content in different Aluminum alloys (##%) [67]

Si Mg Fe Cu Cr Mn Zn Ti Al

6061 0.8 1.2 0.7 0.4 0.35 0.15 0.25 0.15 Bal.
AlSiloMg| 10 0.45 0.55 0.05 - 0.45 0.1 0.15 Bal.
AlSi7TMg | 7 0.65 0.55 0.2 - 0.35 0.15 0.25 Bal.
7075 0.4 2.9 0.5 2 0.28 0.3 0.1 0.2 Bal.

According to the RDG criterion mentioned in section 5.1, the cracking sensitivity of an alloy is affected
by its solidification path. Thus to correlate the alloys for their cracking sensitivity, their solidification paths
can be used as an input to run the RDG criterion. In this way, we can focus our attention on the effect of
chemical composition. This chapter will focus on understanding the effect of solute content on the
cracking sensitivity of 6061 Al-alloy, and help us suggest guidelines to predict compositions that could be
processed more easily during I-PBE.

7.2. Effect of Solute content modification

For several decades, the work on variation of composition in welding metallurgy has been carried out to
study the resulting cracking sensitivity. The work reported on binary Al-alloys by Sindo Kou ez a/ [81],
showed the cracking sensitivity is based on the solute element concentration, as summarized in Figure
7-1. A lambda-shaped curve can be observed for the cracking sensitivity as a function of solute content.
For the binary alloys, with Si and Mg addition, the cracking sensitivity is at its peak for ~1 wt% additions;

whereas for Cu, the sensitivity shifts towards higher values, ~2 wt% addition of Cu. This is the general

175



7.2 Effect of Solute content modification

trend observed during welding of the classic binary alloys, however, when it comes to alloys with the

presence of various solutes, the solidification paths of the resultant alloys can be significantly affected.
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Figure 7-1 Shows the cracking sensitivity during welding of the binary Al-alloys for different solute elements a)
Si, b)Cu, ¢)Mg, and d) phase Mg»Si, adapted from ref. [81].

As mentioned in the literature that ZrH, addition on the powder surface was able to produce crack-free
Al 6061 [4]. It is known that this solution exists, however, the addition of Zr, can be considered as an
external element in the standard composition of the 6061 alloy. Thus, it is worth having a first look,
whether the solute elements present in the standard 6061 alloy are themselves prone to inducing cracking
or not. Solute content effect on cracking sensitivity of the Al-alloys is well documented for welding

literature[33,165], but not for the L.-PBF solidification conditions.

To study the effect of variation of solute contents on the hot cracking sensitivity, the first step is to
understand the change in the solidification path. To do so, all the solute elements present in the standard
6061 alloys, were varied and their resultant solidification paths were estimated using the Scheil-Gulliver
model as in Figure 7-2. Figure 7-2 a) to f) reports the f5(T) for the variation in Cr, Fe, Zn, Cu, Si, and
Mg, respectively in the standard 6061 Al-alloy. Apart from the major solutes (Si and Mg), other minor
solutes like Cr, Fe, Zn, and Cu were also examined since minor elements can also play a major role in
depicting the f5(T). The composition was randomly varied to get an idea about the variation in the f5(1),
the idea being to obtain a qualitative understanding of the role of each solute in affecting the f5(T). From
the studied solute content modification, Cr, Fe and Zn are found to not drastically affect the f5(T), as
shown in Figure 7-2 a), b) and c), respectively. The Cr and Fe solute modification up to 4.65 wt% and
3.3 wt%, respectively, traces an exact f5(1), as for the case of standard 6061 alloy. There is a slight variation
with Zn additions up to 1.75 wt%. On the contrary, Cu, Si, and Mg significantly affect the f5(T) for £5=0.8,
as shown in Figure 7-2 d), e) and f), respectively. To understand better the effect of solutes, the major

solutes in 6061 Al-alloy, i.e. Si and Mg were selected for further analysis.
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Figure 7-2 Solidification paths calculated using Scheil Gulliver assumptions for 6061 Al-alloy, subjected to
different solute content variation: a) Cr, b) Fe, ¢) Zn, d) Cu, ¢) Si and d) Mg.
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7.2 Effect of Solute content modification

7.2.1. Effect of Silicon and Magnesium additions

The standard composition of the 6061 Al-alloy shown in Table 7-1, comprises mainly of Silicon (0.8 wt%o)
and Magnesium (1.2 wt%) as its principal alloying additions. The cracking sensitivity and weldability of the
Al-Si-Mg system as reported in ref [26], shows high cracking sensitivity of around 1% for Si/Mg additions.
This suggests that Si and Mg contents in the 6061 alloy, can influence the cracking sensitivity under L-
PBF conditions.

The key inputs needed to apply the RDG criterion, which will be affected by compositional variations are:
(i) the solidification path fi(T), and, (i) the dendrite coalescence temperature Tye. All the other inputs
mentioned in Table 5-2, Table 5-3, and Table 5-4, including G and » typical of L-PBF, are considered
to be independent of the alloying additions.

A similar effort of applying the RDG criterion to assess the effect of chemical composition has been
reported by Drezet ef al[96]. They compared the sensitivity of Al-alloys belonging to different series,
namely 2XXX and 6XXX series [96]. They used the solidification paths f5(T) for the different alloys as an
input to apply the RDG criterion and compared their pressure drop (ZPotal). Here, we rather investigate
the consequence of variations of the Si or Mg contents in the standard 6061 Al-alloy on the pressure drop.
Figure 7-2 e) and f) show the solidification paths during the last stage of solidification as a function of
alloying variations of Si and Mg. With Si variations, the solidification path is affected for 0.8=£=0.97
compared to the standard 6061 Al-alloy (red curve with stars). For £520.97, all Si additions follow the same
path that of standard 6061 (except for 6061- 0.4 ¢ % Si). This indicates that addition of Si does not affect
the solidification path during the very last stage of solidification (=0.97) in comparison to the standard
6061 Al-alloy (red curve with stars), see Figure 7-2e). On the contrary, in Figure 7-2f), with increasing
Mg content compared to the standard 6061 Al-alloy, the f5(T) curve tends to become less steep in the
entire range when fs=0.8. Such a comparison between solidification paths of Si and Mg, suggests that the
cracking sensitivity can be affected by Si/Mg content modifications.

As already seen in chapter 5, the work done by E. Giraud e a/ [73] was useful in determining the
coalescence temperature for the 6061 Al-alloy. As mentioned in section 2.3.1, E. Giraud ez a/. [73] studied
experimentally the mushy zone of the 6061 Al-alloy using the constrained solidification at 80 K/s.
According to Figure 2-15b), it was found that the ductility of the 6061 alloy is minimum in the solid
fraction range of 0.94 to 0.97.

E. Giraud ez al. [73] also examined the variation in coalescence fs by Si and Mg solute content modification.
They used filler wires of 4043 (Al-5Si) and 5356 (Al-5Mg) to modify the Si and Mg content, respectively,
in the base 6061 Al-alloy. These various compositions were examined for the development of stress inside
their respective mushy zones. According to Figure 7-3, irrespective of the composition, the stress level
starts to increase at 5=0.6 (indicating the coherency point, where the dendrite starts to be in contact).
Similarly, for the 6061 base alloy, a rapid increase in the stress is observed at f5=0.97 (indicating the

coalescence point, after which the continuous liquid films start to be in the form of droplets).
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Chapter 7. Effect of chemical composition modification on the hot cracking sensitivity

As shown in Figure 7-3a), the stress development in the mushy zone of Si-modified alloys starts exactly
at /5=0.97 for all the Si contents investigated up to 5 wt%. Thus, for Si contents up to 5 wt%, the fraction
of coalescence did not vary and was equal to /5=0.97. This indicates that, after 5=0.97, the grains for Si
additions can transmit the deformation to its neighboring grains. In other words, coalescence takes place
at 5=0.97. Whereas for Mg contents up to 4 wt%, the coalescence fraction decreases, i.e. stress developing
at an earlier stage with Mg additions, as shown in Figure 7-3b). To summarize for all the variation of
Si/Mg content, the coalescence solid fraction values were adapted from the E. Giraud et al. [73]

as mentioned in Table 7-2.

Even though L-PBF encounters a higher cooling rate (~10° K/s ), compared to the solidification process
studied by E. Giraud e a/ [73], we assumed that the coalescence temperatures (Tyc) determined
experimentally for alloying additions of Si or Mg would not be affected. Therefore, the observations made
by E. Giraud ez al. [73], are further incorporated in our work as inputs (lower bound of the integrals in
equation 5.1) to rationalize the use of different coalescence temperature Ty depending on the content of

Si or Mg. The coalescence fractions were systematically adapted from Table 7-2. Due to the unavailability
of data, the coalescence fraction for decreasing Si or Mg contents by 0.4wt% in the standard 6061 Al-alloy

was also assumed to coalesce at f5=0.97.
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Figure 7-3 Constrained solidification studies, showing the development of stress in the mushy zone during
solidification of modified 6061 Al alloy, a) Si content variation and b)Mg content variation, adapted from E.
Giraud ez al. [73].

Table 7-2 Coalescence solid fraction () for different Si/Mg content in the 6061 Al-alloy, adapted from [73].

Content (wt%) = | 6061 standard 2 3 4
Silicon f5=0.97
Magnesium £=0.97 £=0.97 £=0.92 £=0.88
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7.2 Effect of Solute content modification

For the sake of clarity, the coalescence temperatutes for each Si/Mg addition ate mentioned onto their
solidification paths as shown in Figure 7-4 a) and b), respectively. It must also be highlighted that the
adapted coalescence temperature Ty (shown in Figure 7-4 a) and b)) for various alloying contents does
not include the undercooling effect due to misorientation observed for standard 6061 alloy. Thus, to
predict the total pressure drop (1 Proul) for compositional variations of Si and Mg and compare it with the
critical pressure drop A Peitical(0=15°, i = 0.97) = 2.45 GPa established for the standard 6061 Al-alloy, it
is required to update the coalescence temperature Toc(=75°) for the respective variations of Si or Mg
contents. Assuming that the grain boundary energy yon(6) is independent of compositional variations in
the standard 6061 Al-alloy, the total pressure drop £ Prow(0=75°) can be estimated for all the alloying
variations of Si and Mg considering the coalescence undercooling. This allows us to estimate the

AProw(6=15°) for different alloying contents as shown in Figure 7-4c).
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Figure 7-4 a) & b) Solidification paths in the final stage of the solidification process for varying Si and Mg
additions to the 6061 Al-alloy respectively. c¢) Pressure drop calculated using the RDG criterion for various Si
and Mg contents to the base 6061 Al-alloy (for G = 2.8.10¢ K/, v = 0.3 m/ s, coalescence fraction estimated

from Table 7-2 and considering the coalescence undercooling for 6 = 15°).
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Chapter 7. Effect of chemical composition modification on the hot cracking sensitivity

Three curves are shown in Figure 7-4c), the first one for the Si content and two others for the Mg content,
considering on one side adapted fractions of coalescence from Table 7-2, and on the other side a constant
fraction of coalescence, f5/=0.97. These modifications will allow us to determine the impact of the
coalescence fraction to estimate the total pressure drop. The pressure drop sensitivity curve with Si or Mg
contents exhibits a typical A-shape, similar to what has been reported in [26,73] and also mentioned in
Figure 7-1. For Sj, the peak sensitivity is found to be around 0.8wt%, while for Mg additions the peak is
at around 1.2% (the content of Mg in the 6061 base alloy). The work reported by J. Liu ¢f a/. [33] using a
different cracking sensitivity criterion [93], predicts a similar peak sensitivity at Si and Mg contents of
standard 6061 Al-alloy, for the Al-Si-Mg ternary alloy system. For all other Mg contents (irrespective of
the fraction of coalescence) to the standard 6061 Al-alloy, the APwwm(Mg) < APeiitica = 2.45 GPa,
suggesting that Mg addition would make the 6061 Al-alloy less sensitive to cracking (for given processing
conditions G=2.8x10° K/» and v=0.3 /). This indicates that even when considering a constant fraction
of coalescence taken as fs=0.97, whatever the Mg content, the general trend is still there (beneficial effect
of Mg addition to the pressure drop). This suggests that the general trend is governed by the £5(7)
curve and modifying (decreasing) the fraction of coalescence, will further benefit to lower the

AP,ya1. On the contrary, the AP for Si additions is comparatively higher than for Mg additions, i.e.
AProtar(57) > AProrai(Mg), except for decreasing Si content. This result of higher sensitivity with Si addition

is similar to the conclusion reported by E. Giraud ez 4/. [73]. Even the experimental studies reported in ref
[71] for cracking density as a function of Si/Mg additions show that for Mg additions, the crack density is
less than the Si addition (see Figure 7-5). Shimizu e¢# a/. [160] reported a similar beneficial effect of Mg

addition in their electron beam welding studies on 6061 Al-alloy.

To summarize, by increasing the Mg content in the 6061 Al-alloy, the coalescence of grains happen at an

carly stage (lower f5), suggesting that the grain coalescence in the mushy zone makes the Al-matrix more
resistant to the deformation and shrinkage effects. Therefore, predicting less £1Piotal for Mg additions

compared to Si additions.
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Figure 7-5 Crack density reported for 6061 Al-alloy as a function of Si/Mg content, during welding, adapted
from ref [71].
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7.2 Effect of Solute content modification

Another observation from Figure 7-4c) is that by increasing Si content in the standard 6061 Al-alloy,
AProa (87) tends to be slightly less than the 2.45 GPa, i.e. APeritical > A Proat(57), but still it is close to the
critical pressure drop. Adding a large amount of alloying elements might drastically change the standard
composition of the initial alloy and lead to deviation from the desired mechanical properties of the
fabricated specimens. Assessing the mechanical properties of modified alloys with the addition of Si or
Mg is considered out of the scope of the present work. Similarly, adding a high amount of Si will also
affect the melt viscosity [5]. However, considering the rheological behavior of the liquid due to solute
elements in this analysis is considered out of the scope of the current work. The study only takes into
account the effect of solute content on the solidification path and the resulting coalescence behavior to

predict the cracking sensitivity of alloys.

So far, we have been analyzing the pressure drop as a function of Si/Mg solute variation for a constant
solidification parameter (G=2.8.10° K/» and »=0.3 m/s). It is also important to verify whether the
combination of alloying additions and processing parameter optimization can lead to a reduction of the
cracking sensitivity. The HCS maps shown in Figure 7-6 illustrate the combined effect of processing
parameters and alloying additions. To evaluate this combined effect as shown in Figure 7-6 a) and b),
we take as examples alloys with a 2wt% addition of Si and Mg, respectively. It is evident to point out that,

with 2wt% Mg addition, the region of cracking-sensitive material (P = 2.45 GPa) is eliminated in

comparison to 2wt% Si content. Moreover, with the Mg additions of 2wt%, the £ Peitical is not reached
for the studied range of solidification velocity, as compared to the standard 6061 Al-alloy (refer to Figure
6-1b)). This suggests that in addition to decreasing the solidification velocity to avoid cracking; it could be
even more beneficial to increase the Mg content in the standard 6061 Al-alloy by 2 wt%. Therefore, to
summarize, Mg additions of (22 wt%) will be more efficient than Si additions to reduce cracking
sensitivity in 6061 Al-alloy fabricated by L-PBF.
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Figure 7-6 HCS maps to illustrate the effect of chemical composition and process parameters. a) and b) HCS
map for 2wt% Si and 2wt% Mg addition to the 6061 Al-alloy, respectively.
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Chapter 7. Effect of chemical composition modification on the hot cracking sensitivity

7.2.2. Summary

Major solute elements of 6061 Al-alloy (Si and Mg) were evaluated for their role in affecting the cracking
sensitivity. A typical A-shaped cracking sensitivity for L-PBF processing conditions is predicted for the
increasing content of Si/Mg contents. With increasing Mg content, the coalescence solid fraction of the
alloy is shifted to lower values, making the alloy more resistant to solidification cracking, in comparison
to the Si additions. Moreover, the HCS maps developed with the 2 wt% addition of Mg to 6061 Al-alloy,
tends to eliminate the cracking susceptible zones during L-PBF.

Finally, one should note that the cracking sensitivity as summarized in this section is found to be coherent
in the lines of welding literature [81]. In the framework of L-PBF, it is yet to be experimentally proven.
However, based on the present work on predicting the cracking sensitivity using the RDG model, the

trends reported in welding literature are certainly valid for L-PBF.

7.3. Effect of Zirconium (Zr) addition

For now, we have considered modifying the main solute elements in the standard composition of 6061
Al-alloy, namely St and Mg. We studied their effect on the hot cracking sensitivity in section 7.2. This

section deals with understanding the effect of an element that induces grain refinement.

As described in the literature section, refining grain size is also a proven methodology to mitigate cracking.
A frequently reported element to avoid cracking in the Al-alloys during L-PBF is Zirconium (Zr). Martin
et al. [4] proposed to add ZrH, particles on the powder surface to increase the grain nucleation of the
matrix by the formation of the metastable Al3Zr phase that lead to grain refinement to mitigate cracking.
A similar approach has been implemented for aluminum alloys with Sc/Zr or Yttrium stabilized zirconia
(YSZ) additions [51,110][104].

To start with, the solidification paths f(T) of the Zr-additions to 6061 Al-alloy are generated as shown in
Figure 7-7, since it is an input to run the RDG criterion (see section 5.1). Zr content is varied up to 5wt%
in the standard 6061 Al-alloy, to visualize its effect on the f5(I). Compared to the standard 6061
solidification path, the liquidus is at elevated temperatures for the Zr additions. The liquidus temperature

of the modified alloy increases as the quantity of Zr increases. For example at 2 wt% Zr addition, the
liquidus is at 1000°C and for 4wt% Zr it is at 1100°C. Interestingly, for the Zr additions, the phase AlsZr
precipitates out of the liquid prior to the a-Al matrix (see the magnified region of Figure 7-7). In literature,
usually, the metastable AlsZr phase is reported to be responsible for heterogeneous nucleation of the
equiaxed grains, see ref [51,110][104]. Thus, it makes sense that, once the Al3Zr forms from the liquid, it

acts as nucleating sites for the primary-Al grains.
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Figure 7-7 Solidification paths for various Zr additions to the standard 6061 Al-alloy, calculated using Scheil-

Gulliver model.

The solidification path in Figure 7-7, allowed us to run the RDG criterion for Zr-modified alloys. As
shown in Figure 7-8, the pressure drop is calculated (using equation 5.1) for various Zr additions and for
the standard 6061 Al-alloy under processing condition typical of L-PBF. All the parameters mentioned in
Table 5-2 and Table 5-4 were assumed constant. The coalescence was assumed to occur at a temperature
Tye(fs = 0.97) — ATyndercooting (0 = 15°) for the respective modified alloys (using equation 5.5 and
similar to Figure 5-5b)).

Firstly, in Figure 7-8, the pressure drop was estimated using the standard empirical strain rate equation.
A crude estimation of strain rate was done corresponding to the solidification parameters of G=2810°

K/m, v = 0.3 m/s (P=242 W, Vigser =600 mm/s) with the empirical relation mentioned in Table 5-4. The
pressure drops tend to increase for the increasing Zr content in the alloy. For all the Zr additions, the
pressure drop is much higher than the critical pressure predicted for the standard 6061 Al-alloy. This is
majorly due to the high solidification temperature range (Tliquidus - 1ac) compared to the standard 6061
Al-alloy. With Zr additions, the liquidus temperature increases, and so does the integration limits of
equation 5.1 in the RDG criterion. This indicates that the addition of Zr increases the cracking sensitivity
of the alloys, which is not consistent with the beneficial effect of Zr reported in the literature [51,110][104].
This exercise demonstrates that the RDG criterion cannot capture the beneficial effect of Zr
additions, and thus it suggests that the model is missing key metallurgical factors. A possible
reason for this discrepancy could be the assumption of coalescence happening at £5=0.97 at an
undercooling with 15° of misorientation for the Zr-modified alloys. Another reason could be the

grain refinement aspect induced by Zr-additions, which the RDG model does not consider.
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Figure 7-8 Pressure drop as a function of Zr content in the 6061 Al-alloy (using empirical strain rate relation).

7.3.1. Microstructure of Zr-modified 6061 Al-alloy.

To better understand the missing details which make the RDG criterion predict higher pressure drops
with Zr additions, even though it is known to mitigate cracking, we tried to look into the consequences of
Zr addition on the microstructure, in particular the grain size. To start with, the work of Opprecht e al.
[104] was considered, since they added ZrO; onto the powder surface of the same 6061 Al-alloy used in
this current study. They observed significant grain refinement by varying the quantity of Zr on the powder
surface and obtained crack-free parts by L-PBF. They showed that, by the addition of 2wt% Zr to 6061
Al-alloy, columnar grain growth can be hindered by the new equiaxed grains in the melt pools, as shown
in Figure 7-9. A duplex microstructure was observed, as shown in Figure 7-9, which includes equiaxed
grain near the melt pool boundaries and fine columnar grains within the melt pools. Moreover, as reported
by Opprecht et al. [104], the density of the Al3Zr phase makes its formation localized near the melt pool

boundaries, and as a result, a duplex microstructure is generated (see Figure 7-9). Cracking was found to
be eliminated for a range of 2-4 wt% Zr addition in the 6061 Al-alloy [104].

The addition of Zr modifies the microstructure, but columnar grains can still be observed. By Zr addition
to the standard alloy, grain refinement can be achieved but does it also lower the GB misorientation to
mitigate cracking? To understand the misorientation nature of the columnar GB’s in the modified
microstructure of 6061 + 2 wt% Zr, consider Figure 7-10. Due to the availability of data from Opprecht

et al. [104], the GB misorientation analysis was performed on the Zr modified microstructures.
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Figure 7-9 As-built building direction IPF-EBSD map normal to the build direction for the 6061 Al-alloy with
2% of Zirconium, adapted from ref [104].

The standard 6061 alloy and Zr addition misorientation data is shown in Figure 7-10. The probabilistic
misorientation distribution of the GB for various addition of Zr is reported. In total, ~300 GB (in the
columnar region) were analyzed for all the compositions from their respective EBSD microstructure. It
should be pointed out that, for the modified Zr microstructure, the GB misorientations were also
along high angles (>15°). As shown in Figure 7-10, the GB misorientation statistics for various Zr
additions demonstrate that, for all the Zr additions, the GB misorientation is not restricted to the LAGB.
There are GB having high misorientation as well. This suggests the mechanism that mitigates cracking in
Zr modified alloys has no correlation to the GB misorientations. Thus, cracking mitigation with Zr
additions is by the virtue of significant grain refinement by the formation of Al;Zr and not by the

absence of HAGB (interfaces identified as sensitive to cracking in this work).
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Figure 7-10 Statistics of the misorientation distribution for various Zr additions.
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Figure 7-11a) & b), shows the standard 6061 microstructure and the Zr modified 6061 microstructure,
respectively. Due to the fine nature of the columnar grains in the Zr modified 6061 (Figure 7-11b)), the
EBSD image was processed to observe propetly the grain boundaries, as shown in Figure 7-11c). The
processed image was useful to estimate the columnar width. At first sight, the columnar grains of the 6061
as-built sample (Figure 7-11a)) appears to be wider than the fine columnar grain of the Zr-modified 6061
(Figure 7-11b)). The standard cracking microstructure of Figure 7-11a) has a columnar width of 66 * 4
um (determined with the intercept method). On the other hand, the non-cracking modified 6061 (+ 2
wt% Zr) microstructure shown in Figure 7-11b) exhibits a columnar width of 1.5 * 0.4 um. This indicates
that the columnar grains that induce cracking in the standard 6061 Al-alloy have a much larger columnar

width than the ones observed in the non-cracking version (6061+2wt%Zr).
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Figure 7-11 a) IPF EBSD image of the standard 6061 Al-alloy normal to the build direction (present study). b)
Grain map of the 6061+2wt% Zr alloy in the as-built conditions ( adapted from ref [104]). ¢) Grain boundaries
map of the 6061+2wt% Zr alloy.
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7.8 Effect of Zirconinm (Zr) addition

7.3.2. Summary

188

The addition of Zirconium to the standard 6061 Al-alloy is reported to refine the microstructure
and mitigate cracking [51,110][104]. Zirconium addition to 6061 Al-alloy gives a duplex kind of
microstructure (thin columnar grains and equiaxed regions inside the melt pools). Grain
refinement happens because of the nucleating Al;Zr phase, which precipitates prior to the primary-
Al phase during the solidification.

Taking into account just the solidification path of Zr modified 6061, the pressure drops are
comparatively higher than standard 6061. The microstructure of the Zr modified 6061 Al-alloy,
has fine columnar grains compared to the standard 6061 microstructure. Despite the HAGB’s in

the microstructure, the 6061+ 2wt%Zr alloy does not show any evidence of cracking.

RDG model is based on growing columnar grains. It does not take into account the effect due to
external nucleating agents. One take away message is that, alloys can be compared for their
cracking sensitivity with the RDG criterion, if they have more or less similar microstructures. Thus,
whenever the RDG model is applied to an alloy, experimental parameters like columnar widths
and primary dendrite spacing are needed to be updated in the calculation to get a reliable cracking

sensitivity estimation.
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8. Conclusions and recommendation for future work

Com/mz'om and Perspectives.

189



190



Chapter 8. Conclusions and recommendation for future work

8.1. Conclusions

Processing Aluminum alloys using L-PBF has always been challenging due to their low absorptivity

towards laser, high thermal conductivity and high latent heat of fusion. Al-alloys are also sensitive to H

induced porosities due to the increased solubility of H» in the molten Al-alloys. In addition to these issues,

structural Al-alloys from 6xxx series suffer from severe hot cracking issues in the as-built parts, similarly

as reported for welding.

The objectives of this PhD thesis were as follows:

1.

To investigate whether a crack-free 6061 Al-alloy can be produced by L-PBF using process
optimizations.

To clarify the cracking mechanism occurring in the framework of L-PBF and investigate
its sensitivity to processing conditions.

To evaluate with the help of a hot tearing criterion the impact of different cracking
mitigation strategies (process and composition based) reported in the literature and
consequently identify the key metallurgical/process parameters that need to be

considered to have better control on the cracking tendency.

Following are the major outcomes of the Ph.D. thesis:

A process parameter optimization was performed to identify stable melting conditions with an
objective to minimize lack-of fusion defects and to achieve high build density (>98%). With the
bottom-up strategy employed in this work (as summarized in Figure 8-1), melting modes
(conduction or keyhole), parameters causing instabilities like balling/humping were identified.
Thus, such kind of investigation at different intermediate levels helped us to identify stable
processing parameters. In this work, a processing window was identified leading to the lowest
lack-of-fusion porosity and thus the highest relative density of 98.5%. However, no melting

conditions were found to produce crack-free parts.
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Length/width> 3 - Unstable (balling/humping)
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Figure 8-1 Bottom-up strategy employed to identify the optimized parameters.

Based on microstructural observations, cracks develop during the last stage of
solidification, qualifying the mechanism as solidification cracking (see Figure 8-2).
Solidification cracks were found to propagate along HAGBs while LAGBs were systematically
found to be crack-free showing striking similarities with other cubic systems, see e.g. [89,134].
However, not all HAGBs were cracked, suggesting that other factors are involved in the cracking
mechanism. In particular, the position of the HAGB within the melt pool was identified as a key
parameter. To summarize, two conditions are required for a grain boundary to be cracked:
(i) being a HAGB, and, (ii) being located at the central position of the melt pools (see
Figure 8-2). Those conditions show similarities to the welding literature [97][135][136] and
prior to this work were rarely emphasized in the framework of 6061 Al-alloy processed by
L-PBF. Those conditions were then discussed using the Rappaz Drezet and Gremaud (RDG) hot

cracking criterion [7].
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Cellular
dendrites>
Cracking due
to liquid films

~Central GB’s + HA'GB’s
= CRACKING

Solidification cracking

Figure 8-2 Cracking mechanism and its characteristics identified for the 6061 Al-alloy fabricated by L-
PBF.

fii. A multi-scale microstructural study was performed on the as-built optimized sample, as
summatrized in Figure 8-3. Two types of second-phase particles were observed in the as-built
microstructure. Based on the STEM-EDX analysis, the first population of second-phase particles
was found to be enriched in Si/Mg/Fe and were detected within the grains. The second population
was enriched in the same elements (Si/Mg/Fe) including Cu and decorate the two investigated
high angle grain boundaries.
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Cu-rich GB second-
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Figure 8-3 Multi-scale characterization performed on the as-built 6061 Al-alloy.

In our work, we employed the RDG criterion on the 6061 Al-alloy while including the typical
inputs from the L-PBF process, namely the thermal gradient (G) and the solidification velocity ()
estimated using the Rosenthal analytical model. We used the Scheil-Gulliver model to obtain the
solidification path f{T) of the alloy. For inputs like the primary dendrite arm spacing, we relied on
the fracture surface observations of the as-built samples. Moreover, we also included our
experimental observation of HAGB cracking in the RDG criterion by using the grain
coalescence undercooling to rationalize the effect of misorientation: liquid films being

stable down to lower temperatures along HAGBs compared to LAGBs.
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Besides, there were other inputs that were difficult to estimate experimentally, for instance, strain

rates in the mushy zone, the melt viscosity of the alloy, the coalescence solid fraction and the solid-

liquid interface energy. To provide estimates of those inputs, we relied on the empirical relations

for the strain rates and literature for the others (viscosity, coalescence solid fraction and solid-

liquid interface energy). A sensitivity analysis of those peculiar inputs was conducted being aware

that the variations predicted by the empirical relations can be physically questionable. However, it

roughly gave us the main trends in predicting the cracking sensitivity. Thus, the RDG criterion

was best utilized by the use of experimental feedback as well as estimations of other input

parameters that were more challenging to measure experimentally.

Our sensitivity analysis of the effect of the fraction of coalescence on the pressure
drop demonstrates that this is an important metallurgical factor controlling the hot
tearing sensitivity. A small change in the coalescence solid fraction from 0.97 to 0.9
can decrease the pressure drop by an order of magnitude, see Figure 8-4. Thus,
decreasing the coalescence fraction turns out to be an efficient way to make the

alloy more resistant to cracking.
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Figure 8-4 Cracking sensitivity analysis for coalescence solid fraction (=0.97 and f5=0.9), based on total

pressure drop estimated using the RDG criterion.

Similarly, the characteristic length of the microstructure, i.e. the PDAS (X) was also found
to significantly impact the cracking sensitivity: larger PDAS increases the alloy resistance
to solidification cracking. With our investigation, we found that, preheating the powder
bed results in a crack-free microstructure having higher PDAS (A = 15 pm compared to A
= 0.6 um for not preheated cracked microstructure). Although it must be highlighted that,
there are technological/safety concerns by the use of powder bed heating system, since it

can cause self-ignition and is difficult to implement industrially [3].
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e The same RDG criterion coupled with thermal simulations using the Rosenthal analytical
allowed the effect of the first order processing parameters, namely the laser power and
speed on the hot cracking sensitivity to be studied. An original way to present the results
was proposed through the development of Hot Cracking Sensitivity (HCS) maps,
as exemplified in Figure 8-5. The HCS maps suggested that lowering the laser scanning
speed to reduce hot cracking. These predictions were in qualitative agreement with
previous experimental observations, that crack density can be reduced by increasing the

laser energy density.

Solidification

E . |
Wiy

Microstructure

L-PBF process .

Temperature Field (K)

001 01 02 03 04 05 06

Solidification Velocity (m/s)

Thermal Gradient (K/m)

Figure 8-5 Development of hot cracking sensitivity map based on process parameters and microstructure.

Nevertheless, one of the conclusions drawn from this work is that it is highly challenging to fully
prevent hot cracking by tuning only the process parameters since the L-PBF process is
constrained by other technological/safety issues. For instance, reducing laser speeds (< 200mm/s)
can lead to a change of melting mode, giving rise to process instabilities, which are not desirable. This
suggests that the adjustment of the nominal composition is likely a more efficient way to produce crack-
free samples. Our work on predicting the effect of the major alloying elements on the cracking sensitivity
of 6061 Al-alloy points out that Mg addition (2 wt%) will be beneficial. This was in agreement with the
experimental results published by Giraud ez /. [73]. While this appears as a promising strategy to prevent
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cracks, this might lead to non-optimized mechanical properties and cause issues concerning Mg

evaporation during L-PBF.
8.2. Perspectives

The perspectives of this work can be visualized into three different ways, based on their need of immediate

effect:

(1) Alloy designing parameters

The methodology employed in the present work, allowed us to identify key factors that play a role in
determining the hot cracking sensitivity namely, the characteristic length of the microstructure, the
fraction of coalescence, the solid-liquid interface energy and the viscosity. Future research efforts
must be oriented towards having better control over these parameters since it can be considered as the
most effective method to mitigate cracking. Playing with those factors can lead to improvements of the
alloy design strategies to produce crack-sensitive materials during L-PBF. As summarized in Figure 8-6,
those parameters are classified depending on how easy it is to control them and whether an increase or
decrease in their magnitude is needed to design crack-resistant alloys. Based on their feasibility to control
these parameters, the parameters can be ranked as follows:

A

PDAS ()

o Solid-liquid
§ interface energy
P

*  Pre-heating (500°C) (alloying elements)

* Double lasers

Easy Feasibility to control Difficult >
Coalescence f,

% Viscosity
5 |
g = _
<) alloying elements)

v + Addition of 2 wt% Mg

to 6061 Al alloy.

Figure 8-6 Metallurgical parameters needed to be considered to improve alloy design strategies.

197



ii.

iii.

198

The characteristic length of microstructure: Increasing PDAS will result in better liquid
feeding, better development of secondary arms and hence better coalescence of dendrites.
However, it is highly possible that high PDAS can affect the columnar grain width, but this link is
not straightforward. Refining columnar grain width is known to mitigate cracking. Thus, the
correlation between PDAS and columnar grain width will need investigation.

To control PDAS, it can be linked to cooling rates and thus by modifying the cooling rate
characteristics, the PDAS can be manipulated. To have a crack-resistant microstructure, a general
guideline can be that the PDAS should be ~15 um (as observed in the crack-free preheated 6061
Al-alloy, [74]). However, this does not guarantee total mitigation of cracking, since several other
factors (coalescence behavior, strain rate, viscosity etc) are also responsible. Controlling PDAS in
the L-PBF framework will require techniques similar to preheating to be employed, like
investigating the effect of double lasers will be fruitful.

The coalescence solid fraction: The coalescence solid-fraction must be low enough
(typically /5<0.9) to induce coalescence at an early stage of solidification. The underlying
scientific question is how one can control this grain coalescence fraction. This can be achieved by
having a better control on the dendrite morphology, promoting the development of secondary
dendrite arms to make easier the dendrite coalescence. A possible way to promote coalescence is
by identifying elements like Mg that can back-diffuse, as shown in ref [167,168]. On the other
hand, back diffusion can be promoted if the solid-state diffusion coefficient or partition coefficient
of the element increases. Thus, identifying such elements will require further thermodynamic
simulations, similar to the phase field simulations done by Geng ¢# @/ [167]. Similarly, coalescence
can occur at lower solid fractions by controlling the solid-liquid interface energy since it plays a
major role in affecting the coalescence undercooling. This can be done by adding elements that

are known to affect the solid-liquid interface energy, such as adding surface active elements.

Solid-liquid interface energy (ys-1): It is the key metallurgical factor controlling the coalescence

Ygb (O)max ~

undercooling. The solid-liquid interface energy should reach a high value of ( 5

0.25 J/m®) to avoid any coalescence undercooling, in comparison to the ys1=0.12 J/m? for

pure Aluminum. Tailoring ys.1 by modifying solute content will also result in having better
control over the Al-dendrite growth direction. Although the experimental determination of the
solid-liquid interface energy is a difficult task, our work shows that research efforts are needed to
evaluate the effect of alloying elements on this solid-liquid interface energy. According to Rappaz
et al. [169], the solid-liquid interface energy can be manipulated to change the dendrite growth
direction. This can be achieved through solute content modification. Such transition of dendrite
orientation by addition of solute content was first observed in Al-Zn alloys by varying Zn content

from 25 wt % to 60 wt% [170]. Thus, for the 6061 Al-alloy, the anisotropic behavior of the psi

must be investigated to identify solutes that can result in such anisotropy to control the coalescence

behavior of the alloy.
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iv.  The Viscosity of the liquid is a parameter that can highly affect the liquid feeding rates to avoid
cracking. Research efforts must focus on identifying solutes that lower the net viscosity of the alloy
below 1.4 mPa.s (viscosity of 6061 Al-alloy). Further work is also required to clarify the effect of
alloying elements on the melt viscosity. For example, the variation of solute content modification
on the net viscosity needs to be understood. In literature [157], elements like Ti, Cr, Cu, Mn, Ni
are found to increase the viscosity of the alloy by increasing the solute content in the alloy.
Similarly, elements like Si and Zn tend to decrease the melt viscosity of the selected Al-alloy. Thus,
it is necessary to investigate further the liquid viscosity of pure Aluminum, binary/ternary systems
and the 6061 Al-alloy. This will give an idea about the variation in viscosity depending on the

nature of alloying elements.

(2) Improving hot cracking criterion.

e The recent progress made regarding the development of Al-alloys for L-PBF, see e.g. [4,104] shows
that refining the grain size is an efficient way to mitigate cracking in L-PBF parts. Compositional
variations have proven to be efficient in inducing grain refinement to mitigate cracking. For
example, refining the grain size is usually made possible through the use of the addition of
nucleating agents such as TiB, [106], ZtH,/ZrO, particles on powder surface [104][4], or the
adjustment of the nominal composition to precipitate a primary phase that will further act as
nucleation site (e.g. Sc and Zr addition that induce precipitation of the primary phase such as

Aly(Z1,5¢)).

e Evaluating the effect of grain size or the presence of a higher density of grain boundaries on the
hot tearing sensitivity using the RDG criterion is not an easy task since the model does not
explicitly take into account the grain size. Taking into account the effect of the microstructure in
the RDG model would be interesting to evaluate the consequences on the pressure drop and thus
on the hot tearing sensitivity. So far only Sun e @/ [163] have claimed to have included the grain
size aspect into the RDG criterion in the L-PBF framework, however, the mathematical
demonstration was missing. One possibility is to qualitatively link the grain size and the cracking
sensitivity by relying on the fact that, fine grains are thought to help to distribute thermal
strains over more interfaces. An indirect way to include such an effect in the RDG criterion

would be through the strain rate.

To remind, we used the solidification parameters namely (G, ») to make a crude estimate of strain
rate (refer to Table 5-4) but investigating more thoroughly the link between the strain rate and the
grain size would be useful to move a step further in the predictions of hot cracking in the
framework of L-PBF. Experimentally assessing this relationship would require conducting tensile

tests with different grain sizes while imposing different strain rates, ideally at temperatures close
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to the coalescence temperature for microstructures exhibiting different grain sizes and to further
evaluate the cracking sensitivity. In this way, the actual strain rate could be linked to grain size and
should allow us to evaluate the effect of grain refinement on the hot cracking sensitivity. However,

one should note that important research efforts would be required to run such tests.

However, qualitatively we can compare the relative behavior of the strain rates beared by the
cracking standard 6061 alloy and the non-cracking Zr-modified alloy. This means fine
microstructure of Zr-modified 6061 alloy will be able to distribute the deformation over several
interfaces compared to the coarse microstructure of the standard 6061 Al-alloy. The ratio of
columnar widths of the cracked microstructure to the non-cracked microstructure can give us a
relative comparison of the strain rates. For instance, a single columnar grain of the standard 6061
can accommodate ~50 fine columnar grain of the Zr-modified alloy (refer to Figure 7-11).

According to the schematic of Figure 8-7a) & b), a single columnar grain of 6061 alloy can

undergo a strain rate (S) Whereas, when a refined Zr modified microstructure is concerned within

a fixed columnar width of 6061 Al-alloy, the total strain rate will have a contribution from N

number of grains, with each grain concerned with a strain rate (é‘ G). The grain boundaries can as
well contribute to the strain rate, however their contribution is neglected. Thus, the strain rate
beared by a single columnar grain of the Zr-modified alloy, is ~N times smaller than the strain rate
telt by the standard 6061 columnar grain. Such microstructural observations can be best used to
qualitatively incorporate the aspect of grain size in the RDG criterion. A similar methodology was

used by Coniglio e a/. [90], where they used a strain partitioning model in the mushy zone. They

estimated the total displacement rate (§) of the mushy zone, to show that grain refinement

(increasing number of grains, N) is beneficial in reducing cracking susceptibility.

Figure 8-7c), incorporates the relative strain rates (based on microstructure) into the RDG
criterion. Using this microstructural based inputs from Figure 7-11, the predicted pressure drops
of Figure 8-7c) are no longer in the critical zone. The decrease in pressure drop is proportional
to the grain refinement, i.e. the number of grains N. In fact, for all the Zr additions, the pressure
drops are lower than the standard 6061 Al-alloy. Thus by varying the strain rate in the same manner
as the grain size, beneficial effect of Zr can be captured using the strain partitioning concept in the
RDG criterion. Without such link of strain rates to the grain size/columnar width, the RDG
criterion cannot predict accurately the cracking sensitivity and thus needs improvements to take

grain size in predicting the cracking sensitivity.
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Figure 8-7 2) & b) Strain rate schematic for a single columnar grain of 6061 Al-alloy and N number of
columnar grains of Zr modified 6061 alloy. ¢) Pressure drop as a function of Zr content in the 6061 Al-alloy

(taking into account the relative strain rates, thanks to variation in columnar grain width).

e Another strategy could be by coupling the RDG criterion with other fluid-flow models using a
cellular automaton, as in ref [171]. Such approaches would certainly help to further improve our

current understanding of the hot cracking resistance of the sensitive Al-alloys fabricated by L-PBF.

e In our modelling approach, we used the Scheil-Gulliver model to estimate the solidification path,
without taking into account the cooling rates associated with L-PBF. However, with high
solidification velocities typical of L-PBF, loss of equilibrium conditions due to rapidly moving
dendrites can occur. This can eventually decrease the rise in the solute concentration at the dendrite
tip, and thus solute trapping can occur [147,172,173]. To include the aspect of solute trapping, the
pattition coefficient as a function of solidification velocity £(7), can be estimated by the model
proposed by Aziz [174]. Similatly, it will be desirable to perform critical experiments to investigate
solute trapping quantitatively, for example, accurate measurement of solute content in the solid

dendrites for various conditions (7, T) can give information related to £(2, T).

Thus improving the hot cracking criterion can be considered as a reliable methodology to predict crack-

resistant compositions suitable for L-PBF applications.
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Another strategy for future investigation can be concentrated towards grain boundary engineering
[175]. It is true that in our TEM analysis of grain boundaries, we did not observe huge differences
in the solutes decorating the cracked and non-cracked grain boundaries. It is because our sample
set of GBs was small. Investigation of misorientation based segregation along the GBs can be
helpful in providing insights about the solute enrichment. With such information about the
concentration of the solutes facilitating the liquid film formation can be controlled. The
methodology have already proved beneficial in mitigating cracking in Ni-based alloys [134,170].
Thus, quantitative investigation of GB segregation for the crack-sensitive Al-alloys, by atom probe

tomography (APT) analysis can be fruitful.

In our study we observed the interconnection between the metallurgical pores and the
solidification cracking. This was also recently reported by the ref [123] in their dynamic X-ray
visualization, which suggested that pores are the favorable location for crack nucleation. Thus,
future research efforts can also be concentrated on factors that promote porosity formation.
Advance i sitn characterizations with synchrotron X-ray imaging will further enhance our

knowledge and help us improve the numerical modelling of the defect formation in L-PBF.
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Laser tracks on 6061 Al-alloy (bulk substrates)

Before starting experiments using 6061 alloy powders, bulk substrates of the 6061 alloy were laser scanned.
The substrate chemical composition of the bulk substrate is given in Table A-1. The standard chemical
composition of the 6061 Al-alloy is also provided for comparison. The bulk substrate is well within the
norm of the standard 6061 Al-alloy composition.

Table A-1 Composition of the 6061 bulk substrate (wt%o).

Al Si | Mg | Fe | Cu Cr Ti Mn Zn

04- | 08 0.15- | 0.04-
Standard | p <02 <015 | <0.15 | <0.25
7] 08 | 12 04 | 035
Bulk Bal. | g7 | 1020 47 | 032 | 009 | 0019 | 013 | 0.008

substrate.

Bulk substrate experiments dealing with two different surface roughness (Ra=1.2um and 6pum) were
tested, one with the as-machined state (for single tracks- 1D) and the other rough sand-blasted sample (for
multiple tracks- 2D). Throughout the experiments, the laser spot size was fixed at 70pm. Two hatch
spacing were used (50 um and 100 pm) for the multiple adjacent track experiments to create a 2D region
of 5x3 mm®. The laser speed (Vjqger) Was varied between 200 mm/s to 1400 mm/s, whereas the Power
(P) was varied between 180 W to 274W.

e Al 1D experiments: Single tracks

Preliminary experiments dealing with (as-machined) bulk 6061 substrate were laser scanned with a single
track. The cross-section of these single tracks was analyzed to evaluate the morphology of the melt pools,
as shown in Figure A-1. According to Figure A-1, for a fixed P=274W and variation of laser speeds from
200-800 mm/s, the melt pool morphology appears to be hemispherical. Similar hemispherical behavior is
observed for P=250W and v;44¢,-=200 mm/s (in Figure A-1b)).

According to Nie e al. [177], the variation of power and laser speed has a great influence on the
motphology of the melt pools. The melting mode in literature can be classified as conductive (depth(d)/
width(w) ratio is typically <1), and keyhole mode (d/w ratio is typically >1) [177]. Having said that,
according to the analysis of melt pool dimensions done in Figure A-2, the depth (Figure A-2b)) of the
observed melt pools is significantly smaller than the width (Figure A-2a)) of the melt pools. For the linear
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energy density varying from 300-1400 J/m, the depth/width ratio varies from 0.14-0.19. This indicates
that a conductive mode of melting exists for the studied process parameters. Even though the melt pool
width and depth increases with the linear energy density (Er) as seen in Figure A-2, in agreement with
the literature [178], the melt pool depths only varied from 13 to 24 pm. These depths are comparatively
4-5 times smaller than the ones observed in single tracks experiments performed on 7xxx alloys substrates
[178]. This was probably due to the high energy density of the laser, since they used powers upto 500W in
comparison to maximum power of 274W in the present study. Another possible reason for this can be
the high reflectivity of the (as-machined) bulk substrate of around~80% for a laser wavelength of 1064nm

(see section 4.1.2).

a) E=1370 J/m b) E=548 J/m
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Figure A-1 a)-c) Cross-section view of the single tracks made on the bulk substrate (after Kellet’s etching) as a

function of increasing laser speed. d) Cross-section melt pool morphology showing evidence of cracking.

Several defects like pores and cracks were also detected in the melt pool cross-sections of Figure A-1.
Pores with a size range of ~7-8 um were found to be entrapped within the melt pool cross-sections. Since

keyhole melting mode was not identified within the studied parameters, these identified pores cannot be
classified as keyhole pores. However, in literature, it is known that Al-alloys are very susceptible to Ha

porosities [1]. These pores occur due to the high solubility of Hz in the molten pool. So probably, the
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identified pores are due to the influence of Ha during the melting process. In addition to the pores, the
first evidence of cracking was also observed. For example in Figure A-1d), the only cracking observed
was for the parameter P=250W and V44, =200mm/s. The crack position is located inside the melt pool
and it appears to be originating from the pore beneath. Apart from this evidence of cracking, no other
process parameter yielded cracking, probable due to the smaller melt pools arising due to insufficient local

melting.

Thus, the single-track experiment on the bulk substrate allowed us to identify the conduction
mode of melting for the studied parameters. A very small depth/width ratio (0.14-0.19) was obtained,
which was attributed to the high reflectivity of the bulk 6061 substrates. This allowed us to focus our
attention to improve the surface state of the substrate by sand-blasting it and performing multiple adjacent

laser tracks for further process parameters optimization.
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Figure A-2 a) Variation of melt pool width and b) melt pool depth with the linear energy density (1D-bulk

substrate)

e A.2.2D experiments: Multiple adjacent tracks

To increase the absorptivity of the bulk substrate, the surface roughness was increased by using sand-
blasting (see section 4.1.2 for details). Just by increasing the surface roughness from Ra=1.3um to
Ra=6.3um, the laser reflectivity was reduced from 80% to around 40% by the sand-blasting process. These
rough (Ra=06.3 um) substrates were then treated with 2D multiple adjacent laser tracks. As mentioned
previously, throughout the experiments, the laser spot size was fixed at 70pm. Whereas, two hatch spacing
were used (50 um and 100 pm) for the multiple adjacent track experiments to melt a surface of 5x3 mm?’.

The two hatch spacings were selected since through literature of Al-alloys in L-PBF [30], it was
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recommended to use a smaller hatch spacing to improve the inter-intra overlap between the layers.
Moreover, according to Louvis ef a/. [55] the hatch spacing greater than 300p leads to delamination, and a
hatch less than 50y leads to low build density of the L-PBF parts of the 6061 Al-alloy.

Figure A-3 shows the top sutface view of the 2D scanned region for the two hatch spacing (50/100pm).
For the case of 50pm hatch spacing, at a lower speed of 200mm/s and P=240W, instability due to high
energy was observed. A similar high energy instability was observed by Nie e a/. [177], during the multiple
scans performed on the Al-Cu-Mg alloy. On the contrary, a stable continuous region with clear evidence
of the melt pool adjacent tracks was obsetved for P=240W and v;450,=1400 mm/s. This continuous laser

track formation can therefore be classified as a ‘stable region’.

When considering a higher hatch spacing (100um) in Figure A-3, the top view of the 2D region indicates
continuous laser tracks for P=240W for a v;45.,-=200 mm/s. However, as laser speed is increased to 1400
mm/s, the continuous laser tracks start to become discontinuous and can therefore be qualified as
unstable, probably due to melt pool instability due to high laser speeds like balling/humping. At lower
speeds (200mm/s), the 2D region appeats to be unstable(high energy), whereas at higher speeds (1400
mm/s) the 2D region becomes unstable (high laser speed). This unstable nature of the 2D region (based
on top view images of the tracks) is similar to what has been reported by Nie ez a/. [177] for higher laser

speeds.

Hatch =50pm Hatch =100pm
290 w P=240 W P=274W

~
Il

Viaser
200 mm/s

Viaser

1400 mm/s

Figure A-3 Top view images of the 2D region scanned with multiple adjacent tracks on the bulk substrate.

Based on the observation of the 2D region of multiple tracks, a preliminary processing map illustrating
different regimes can be established, as shown in Figure A-4. According to Figure A-4a), two regions
can be identified when applying a 50pum hatch spacing: the unstable (high energy) region and the stable

region. The unstable region corresponds to most of the studied process parameters (typically for
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Vigser <000mm/s). At higher speeds (>1000 mm/s) and low power (<240W), stable conditions are

observed in the form of continuous molten tracks.

For a 100um hatch spacing, three regimes were identified. A stable regime (continuous tracks), unstable
(high energy) and unstable(high laser speed) regimes. It must be noted that, when hatch spacing is
increased to 100pum, the volumetric energy density is reduced and this caused the stable region which was
identified when applying a 50 um hatch spacing to be converted into an unstable regime. The stable regime
for a 100 pum hatch spacing was widened in comparison to the case where a hatch spacing of 50 um was

employed, see the comparison between Figure A-4a) and Figure A-4b).
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Figure A-4 ldentification of the different regimes of stability with the 2D experiments performed on the bulk
substrates for respectively a) a 50um hatch spacing and b) a 100pum hatch spacing.

Figure A-5 shows the melt pools of the scanned bulk substrate with few selected laser processing
parameters. The cross-section of the bulk substrate was etched with Keller’s reagent to be able to observe
the melt pool boundaries. The melt pool boundaries are highlighted in ‘red dashed’ lines. Figure A-5a)
and b) shows the cross-section of the selected parameters for two hatch spacing (50 and 100um).

Observing the melt pool shape in Figure A-5 and comparing it with the ones reported in the literature
[76], all the studied parameters yielded a hemispherical melt pool shape, suggesting that the experiments
were all conducted in the conduction mode of fusion. In addition, for all the studied parameters the
depth/width ratio was always less than 1, again pointing towards conduction melting mode, see Figure
A-6¢)). This is probably because the used laser energy density is not enough to induce the keyhole mode
of fusion. High energy laser parameters often cause keyhole mode of melt pool causing keyhole porosities
[76]. For a given power of 274W (see Figure A-5a) & b)), the variation in laser speeds (200-1400mm/s)

caused the hemispherical melt pool depth to decrease since the linear energy density is decreased.
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For the studied process parameter range in the case of both 50 and 100pm hatch spacing, the depth and
width of the melt pools both increased as a function of linear energy density as expected (see Figure A-6
a) & b)), similar to the 1D single tracks. The depth of the 2D tracks was comparatively higher than the
single tracks. The d/w ratio for the melt pools originating from the 2D multiple tracks experiments was
in the range of 0.2 <d/w<0.7, comparatively higher than the one’s observed for the 1D single tracks
(0.14<d/w<0.19). This suggests that melting conditions improved with the rough bulk 6061 substrates.
This indicates that the energy transferred to the substrate was better in the case of the sand-blasted

substrate in comparison with the high reflective as-machined bulk substrate.

Speaking about the difference in the melt pool morphology for the two hatch spacing studied as a function
of linear energy density, there was not much of a difference. Both morphologies resulted in sufficient
ovetlap that leads to a proper fusion between adjacent laser tracks. We did not observe any gaps/lack of
fusion defects in the inter-track regions. For both the hatch spacing (50 and 100pum), the variation in
depths as a function of linear energy density did not show any significant difference (see Figure A-6b)).
However, in the case of the width of the melt pools, a 100um hatch spacing leads to comparatively smaller
widths at high linear energy density (>1000]/m) than the width’s when a 50pm hatch spacing is used(see
Figure A-6a)). This is probably due to a decrease in overlapping distance between the two adjacent tracks
for a higher hatch spacing of 100 pm in comparison with the 50pum one. This decreases the effect of

melting on the neighboring adjacent track.

As shown in Figure A-5a) for the 50pm hatch spacing cases, even without the typical melt pool shape of
keyhole melt pools, an increase in porosities was observed for higher energy density process parameters.
In the current situation, the observed melt pools result from a conduction mode (since d/w <1). This
suggests that the observed pores are due to Hz entrapment in the molten liquid since Al-alloys are quite
susceptible to Hz induced porosities. According to Aboulkhair e @/ [30], metallurgical pores also known
as Hydrogen pores are less than 100 pm in size, whereas, keyhole pores are comparatively larger (>100um).
As observed in Figure A-5a), by decreasing the laser speeds from 1400 mm/s to 200/400 mm/s (i.e
increasing laser energy density), porosities were found to be trapped inside the melt pool (see Figure
A-5a)). Higher energy densities mean, higher molten pool volume and therefore longer time to solidify,
thus giving enough time for the Ha to dissolve in the melt pool. This hypothesis is also verified by the
optical microscopy analysis for the %porosity as a function of linear energy density. According to Figure
A-7a), porosity % increases as a function of linear energy density. For the sample with the highest linear
energy density (1370 J/m, i.e P=274W, v;450,-=200mm/s), the porosity% is ~8.2%, whereas for the
sample with lowest energy density (195.7 J/m, i.e P=274W, Vjq5e,=1400mm/s) the porosity%o is ~0.36%.
The trend is also visually observed in the cross-section images of Figure A-5a). These results of increased
metallurgical porosities at lower scanning speeds (or higher Er) are consistent with the experimental
studies reported by Aboulkhair ¢z 2/ [30] on the L-PBF of AlSi10Mg alloy.
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Figure A-5 Cross section view of the melt pools formed by the 2D multiple tracks on the bulk substrates. a)
50um hatch spacing and b) 100p hatch spacing.
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Figure A-6 Melt pool dimensions a) width, b) depth and ¢) depth/width ratio for the two hatch spacing used
(50 and 100 pm).

Another important feature of the pores observed in Figure A-5a) for the case of 50pum hatch spacing is
the size of those pores. For the higher density samples (E.=1370/685 J/m), the porosity appears to be
bigger compared to the low energy density samples (E.=342/249/195.7 J/m). The largest pore size of
~43um corresponds to the EL=1370 J/m. Similarly, as the Er decreases, the pore size becomes smaller

<20pm. This analysis of Figure A-7a) confirms the sensitivity of porosity and its size to the increasing
linear energy density. A similar explanation that, high energy density creates bigger melt pools that can
entrap high amount of Hy is probably true for the formation of larger metallurgical pores for the high

linear energy density samples.
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Figure A-7 a) Porosity % as a function of linear energy density. b) Crack density as a function of linear energy
density.

In addition to pores, cracks were also observed in the cross-sections as shown in Figure A-5a) &b). In
all the studied parameters, cracking was observed. More importantly, for the case of the 50pm hatching,
tilted cracks were observed propagating to the neighboring melt pools caused by the adjacent laser tracks
(see Figure A-5a)). On the other hand, for the 100pm hatching, cracks were comparatively less tilted and
rather positioned in the center of the melt pools, as illustrated in Figure A-5b). This observation can be
attributed to the fact that, by increasing the hatch spacing, the overlapping of the neighboring melt pool
decreases, and thus the remelting zone decreases, making the crack form in its respective melt pools, i.e.

closer to the center of the melt pool.

The cracking density for the samples melted using a hatch spacing of 50um was estimated as a function
of the linear energy density, see Figure A-7b). The crack density was estimated in an area of 700x550 um?’
that fluctuated between 15-37 cracks per mm®. According to Figute A-7b), the crack density was found
to decrease while increasing linear energy. This observation followed an opposite trend compared to the
relation between pore formation and the linear energy (an increase of pore density with the linear energy
density, see Figure A-7a). A similar inverse relationship between the pores and the cracks was reported
by Stopyta et al. [178], where they concluded that cracks cannot be avoided during the 1D /2D process
optimizations in laser scanning of 7075 Al-alloy. They attributed the increase in porosity % to compensate
for the shrinkage associated with the Al-alloys. Thus, despite the fluctuation in cracking density, cracks
were present in all the samples. This made us focus on identifying the optimum process parameters for

achieving stable continuous melt pool tracks while reducing the pore content.

To understand further the tilted cracks observed in bulk substrate melt pools, the melt pool cross-section
was characterized using EBSD. Figure A-8a) shows the pattern quality image of the cross-section of the
melt pool formed using the laser parameters (P=240W, Vjq50, =600 mm/s, 50um hatch spacing, 70um

spot size). Columnar grains can be observed inside the melt pool. Cracks are systematically found along
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the grain boundaries. Due to the curved nature of the columnar grains, cracks are observed to follow the
curved nature of the grain boundaries. This is probably because of the direction of laser tracks and their

effect on the direction of the thermal gradients inside the melt pools.

To explain these curved grain boundaries, consider Figure A-8c) & d). The first Figure A-8c) illustrates
a schematic of the thermal gradient contours (5 = G—y) + @) in the cross section of melt pool (ZY plane),

considering a single track of laser moving inside the plane (along X-axis). G—Y) and 5; refers to thermal
gradient along Y and Z-directions, respectively. When only a single laser is moving inside the plane, the
net thermal gradient contour in the ZY-plane cross-section will be always pointed perpendicular to the
melt pool boundaries. According to the classical literature [81], the direction of thermal gradients dictates
the direction of columnar grain growth, the grains will be aligned towards the Z-direction. Now, consider
Figure A-8d), where multiple laser tracks (n, (n+1)" and (n+2)") moving inside the plane ZY and
assuming the net movement of the laser is along the Y-direction. The thermal gradients inside the ZY

plane at each location will point towards the net laser direction (i.e. along the Y-direction), making a curved

G. This will result in a curved grain boundary, as we observe in the case of multiple adjacent laser tracks

in Figure A-8a). To remind you, this is the case for a smaller hatch spacing of 50pm. When increasing

S
the hatch spacing, the ovetlap region would decrease, and the net G in that case, will result in less curved

behavior.

Similarly according to the classification of GB’s based on their misorientation angle (see Figure A-8b)),
the grain boundaries that were cracked did not belong to low angle grain boundaries (5-15° marked in
white), they rather had (15-30°: marked in black) of misorientation. However, to conclude this

misorientation based cracking behavior, further statistics would be required.
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Figure A-8 a) Pattern quality image of the observed bulk substrate melt pool with P=240W and v;44e,,= 600
mm/s, hatch spacing =50um (melt pool boundaries in red dashed lines). b) Pattern quality showing grain
boundaries: LAGBs in white (5-15°) and HAGB:s in black (15-30 ©) and red (>30°). ¢) Schematic of the melt
pool cross-section indicating the net thermal gradient direction due to a single laser track. d) Schematic of the

melt pool cross-section indicating the net thermal gradient direction due to multiple adjacent laser tracks.

Figure A-9 shows the Inverse pole figure (IPF) of the observed bulk laser-scanned melt pool. The
microstructure contains tilted columnar grains with an average width of about 3525 7, estimated based
on the intercept method. Since columnar grains cross several neighboring melt pools, the cracks also tend

to follow this path since they propagate along the grain boundaries.
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Figure A-9 a), b) &c) Shows the IPF-X, IPF-Y, IPF-Z of the bulk 6061 Al-alloy laser scanned with multiple
adjacent tracks ( P=240W and vVjq5e= 600 mm/s, hatch=50,).

Summary:

Single-tracks (1D) and the multiple tracks (2D) allowed us to get a preliminary idea about the stability
regimes of the laser tracks. As the laser speed increased, the unstable (discontinuous) laser tracks became
predominant. Within the studied parameters, based on the melt pool morphology it was concluded that
conduction mode of melting occutred and no keyhole melt pools were observed since the d/w ratio was
always found to be less than 1. Also because the typical powers used to generate the keyhole melt pool in
6061 Al-alloy were ~500W according to ref [124], way higher than the ones used in the present study (max
274W). Speaking in terms of the defects observed, metallurgical pores (due to trapped gas) were identified
to be trapped inside the melt pool cross-sections. Similatly, the first evidence of cracking was also observed
throughout the samples with various processing conditions. Moreover, cracking was found to be
intergranular and depending on the hatch spacing, the location of cracks varied within the melt pools.
These preliminary results on the bulk-substrate gave an interesting overview of the processing issues
encountered while laser scanning the 6061-Al alloy. Using the understanding gained from these
experiments, we focused on the powder layer experiments (section 4.1.3) to perform process

optimization, since it was thought to be a better representative of the L-PBF process.
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Abstract

In this thesis, an analysis of the hot cracking susceptibility as a function of processing parameters and
solute content modification is presented for the structural aluminum alloy 6061 (Al-0.88i-1.2Mg wt%o)
processed by laser powder bed fusion (L.-PBF). The hot cracking mechanism is identified as solidification
cracking based on experimental observations in as-built microstructures. In agreement with previous
works, cracks are found to occur at high angle grain boundaries and are preferentially located at the center
of the melt pools. Using the Rappaz-Drezet-Gremaud (RDG) model combined with thermal calculations
using Rosenthal analytical model, the location of hot cracks corresponds to the regions of highest
mechanical solicitation during solidification. Hot cracking sensitivity maps are then developed to predict
in a simple manner the variations of hot cracking susceptibility as a function of the first-order process
parameters, namely the laser power and scanning speed and as well as for the preheating conditions. The
predicted trends are qualitatively in agreement with the experimental observation. The results allow the
impact of processing conditions on reducing hot cracking to be discussed and the work also identifies key
metallurgical parameters that play a key role in hot cracking. In addition to cracking sensitivity to
processing conditions, solute content modification is also studied using the modeling aspect of the work,

which helps to suggest guidelines to reduce cracking.

Dans cette these, une analyse de la sensibilité a la fissuration a chaud en fonction (i) des parametres de
premier ordre (puissance, vitesse) du procédé de fusion laser sur lit de poudres (L-PBF : Laser Powder
Bed Fusion) et (ii) de la variation de la teneur en soluté (Si et Mg principalement) est présentée pour l'alliage
d'aluminium a durcissement structural 6061 (Al-0.85i-1.2Mg wt%). Le mécanisme de fissuration a chaud
est identifié comme une fissuration par solidification sur la base d'observations expérimentales des
microstructures. En accord avec des travaux antérieurs publiés sur d’autres familles d’alliages, les fissures
se propagent aux joints de grains de fortes désorientations et sont préférentiellement situées au centre des
bains de fusion. En utilisant le critere de Rappaz-Drezet-Gremaud (RDG criterion) combiné a des
simulations thermiques utilisant le formalisme de Rosenthal, la localisation des fissures correspond aux
régions des bains de fusion ou la sollicitation mécanique intergranulaire est la plus élevée lors de la
solidification. Des cartes de sensibilité a la fissuration a chaud sont ensuite développées pour prédire de
maniere simple les variations de sensibilité a la fissuration a chaud en fonction des parameétres du procédé
de premier ordre, a savoir la puissance laser et la vitesse de balayage ainsi que des conditions de
préchauffage. Les tendances prédites sont qualitativement en accord avec les observations expérimentales.
Les résultats permettent de discuter de l'impact des conditions d’élaboration sur la réduction de la
fissuration a chaud et également d’identifier les paramétres métallurgiques clés de ce mécanisme de

fissuration.



