Laser Powder Bed Fusion of Scalmalloy (Al-4.6Mg-0.6Sc-0.3Zr): Formation
Mechanism of Bimodal Grain Structure and Fatigue Behaviour of the Alloy

Polina Chernyshova

A thesis submitted to Auckland University of Technology in fulfilment of the requirements for the degree of
Doctor of Philosophy (PhD)

2025

School of Engineering, Computer and Mathematical Sciences



List of Publications

1.

Chernyshova, P., Guraya, T., Martinez-Amesti, A., Andonegi, H., Singamneni, S., & Chen, Z. W.
(2023). On the Mechanism of Formation of Bimodal Grain Structure in Al-4.5 Mg—0.7 Sc—0.3 Zr
Alloy Processed by Laser Powder Bed Fusion. Advanced Engineering Materials, 25(13), 2300135.

Chernyshova, P., Guraya, T., Singamneni, S., Zhu, T., & Chen, Z. W. (2021). Fatigue crack growth
behavior of Al-4.5 Mg-0.6 Sc-0.3 Zr alloy processed by laser powder bed fusion. Journal of
Materials Engineering and Performance, 30(9), 6743-6751.

il



Abstract

Scalmalloy® is a relatively new and high strength aluminium alloy with a distinctive bimodal microstructure
consisting of equiaxed and columnar grains, when processed through Laser Powder Bed Fusion (LPBF)
additive manufacturing or 3D printing. The formation of this bimodal grain structure during LPBF allows the
alloy to be 3D printable, without forming hot cracks. Hot cracking during LPBF of the traditional high strength
aluminium alloys largely prevents these alloys from being 3D printable. However, the mechanism of the
bimodal grain structure of Scalmalloy during LPBF has not been fully understood. For applications of high
strength aluminium alloys, fatigue properties are particularly important for ensuring reliability in industries
like aerospace and automotive, where lightweight and durable materials are essential. However, despite the

significant research on Scalmalloy LPBF, the fatigue behaviour of the alloy is not fully understood.

Thus, the aim of this PhD research is to reveal and thus to understand the solidification behaviour during LPBF
of Scalmalloy leading to the formation of the bimodal grain structure and the crack growth behaviour of the

alloy under cyclic loading.

In the first part of this research (on solidification behaviour), the partitioning of elements in the alloy and
forming of various particles during LPBF solidification were experimentally determined. It is found that strong
and weak segregation of Mg and Sc, respectively, occurs in the final solidification areas of the fine- and
equiaxed-grain regions. The coarser and columnar grain regions show weak segregation of Mg and no Sc
segregation. A priori knowledge on the Al-Sc eutectic reaction based on the known phase system and its
dependence on cooling rates, and the well-known thermal and solidification conditions related to the track
location during LPBF is used to ascertain the mechanism of formation of the bimodal grain structure. The
mechanism suggested is substantiated by the location-dependent elemental distributions and the various

particles that are observed.

In the second part of this research, how LPBF defects affect the fatigue life of the alloy in both as-built (AB)
and heat-treated (T5) samples and also in various crack directions (CD) and build directions (BD) has been
studied. This part in turn has necessarily been divided into two sections to form a more complete understanding
of the fatigue behaviour of the alloy. In section one, threshold stress intensity factor (AKg) values of the alloy
were determined. This mechanic approach provides a base that the boundary of fatigue limit/strength as a
function of defect size can be determined. In section two, tests were conducted so that S-N (stress and number
to failure) curves can be drawn. Following the tests, surface and sub-subsurface defects (referring to the
distance to the sample surface) on fracture surfaces were observed and the sizes were measured, for the
understanding of how the surface and subsurface defects of the samples affect the fatigue strength of the alloy

processed by LPBF.

For the AKy study, experimentally, FCG tests with R=0.1 have been conducted using samples with crack

growth direction normal, parallel or 45° to build direction, meaning CD_LBD, CD//BD and ZCD/BD=45°,
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respectively. Tested sample conditions include LPBF with a room temperature base plate or a heated base plate
and as-built state or heat-treated state. FCG tests reveal a narrow range of AKy, values, 1.3—-1.4 MPa-m'/%,
across all loading directions relative to the build direction, attributed to minimal orientation effect of
roughness-induced crack closure. Heat treatment (T5) and variations in build plate temperature (180°C and
room temperature) show negligible effects on FCG rates, as the grain morphology has changed little and thus
crack paths remain smooth. Paris law parameters (C and m) are comparable to those of conventional aluminium

alloys.

In the S-N study, fatigue strength tests with R=0.1 are carried out using two different groups, namely, AB
group and T5 group. For each group, there are CDLBD and CD//BD samples. Thus, in total, there are four
types of samples. As expected, defects affect the fatigue strength significantly. It has been found, however,
that LD and T5 have not affected the fatigue strength significantly, although CD//BD may have displayed a
lower fatigue strength due to them possibly having defects of large sizes as the size of a defect is orientation
dependent. Using the Kitagawa-Takahashi (K-T) approach, given that AKy, is not affected significantly by T5
and BD and given the sizes of defects on fracture surfaces measured, how the defect size affects the fatigue
life of the samples has been explained. It has been further found that, due to the presence of defects, the fatigue
strength at N>107 range 95-125MPa, defects size dependent. The defect size range of mostly 60-150um
measured in the fracture surfaces of the S-N tested is consistent with the defect size range that is LPBF track
size specific. It can be suggested that, through examining the data in the K-T diagram, the fatigue strength of

a short crack sample is ~140MPa (stress range).
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Chapter 1 - Introduction

1.1 Laser Powder Bed Fusion (LPBF)

Today, additive manufacturing (AM) is attracting an increasing amount of industry interest and enables the
fabrication of complex parts (see Figure 1.1) with significantly improved performance, such as weight,
functional integration, structural optimisation, or thermal behaviour (1). The principles of AM technologies
are founded on the idea that rather than removing material, as is done in traditional manufacturing processes
like cutting or grinding, more material is added together to create a three-dimensional item. Direct digital
manufacturing, rapid prototyping, generative manufacturing and 3D printing are all synonyms for additive
manufacturing. The term "additive manufacturing" has become the de facto term for manufacturing using such
technologies, because AM technologies have a long history dating back to the mid-1980s with the introduction

of stereolithography and because they are currently quickly making their way into industrial applications (2).

Figure 1.1. Parts produced by 3D printing (3).

Laser Powder Bed Fusion (LPBF) or Selective Laser Melting (SLM) is a major additive manufacturing process
that has earned great interest in industry and science. This process enables the production of lightweight
complicated parts without specific tooling (4). Moreover, it was widely reported that LPBF enables resources

saving, leading to eco-design optimization and reduces toxic chemicals (5). A schematic representation of the

1



LPBF process is presented in Figure 1.2. A powder bed is created by raking powder across the work area. The
energy source (laser beam) is programmed to provide energy to the powder bed to melt the powder along the
path of the beam. After a layer has been built, powder is raked across the bed for the building of the next layer,
and the process is repeated to print a solid 3-D part. The process is thus able to produce parts with high-

resolution features and internal passages, and to maintain dimensional control.

w

Scanning canning

o ILaserF——\. mirror [Laser] ...\ miror

Object being built
_Powder_ e

Figure 1.2. Schematic illustration showing the steps of laser powder bed fusion (LPBF) process a)
Scanning/melting and solidification, b) Power spreading.
The impacts of various printing parameters on the quality of parts using various materials have been examined
by numerous researchers (6), (7), (8). Laser power (P), scanning speed (vs), hatch spacing (d) between two
adjacent laser scan tracks and layer thickness (¢), as illustrated in Fig. 1.3, are the most crucial LPBF processing

factors. Volumetric energy density (E, J/mm?) that used most frequently in LPBF literature is defined as:

P .
E = XXt Equation 1

The formula shows that several parameter combinations can produce the same energy density. The process
parameters have an impact on the stability of the melt pools generated during LPBF (9). For example, the
breadth and depth of a melt pool are influenced by the laser power and scan speed, whereas the length of the

track is determined by the laser power and material absorptivity (10).

Scan direction

Scan direction

hatch distance (d)

e

layer thickness (t)

Figure 1.3. Schematic representation of layer-by layer process.



For parts produced by LPBF, there are a number of important defects that can influence quality and reliability
(11). Microstructural defects in LPBF include three main types, namely: (1) lack of fusion (LOF), (2) gas
pores, and (3) keyhole pores. There have been many studies conducted to reveal how defects may form during
LPBF and how LPBF parameters relate to the level of defects (12), (13). A schematic illustration of keyhole
and LOF pore formation during LPBF is shown in Figure 1.4. It has been well understood that LOF occurs
when the laser energy is not sufficient to fully melt the powder so that a melt track does not completely overlap
with the previous one. However, when the laser energy input is too high, evaporation of the melt occurs,

leading to the formation of keyhole pores shown in Figure 1.4 (14).

Laser beam
direction
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Metal vapor /-\Spalter
Powder bed
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Melt pool Layer n
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® ° ° hvé
Keyhofé Fon Lack of fusion - Pore Loyerntd

Figure 1.4. Schematic illustration of keyhole pores and LOF forming during LPBF (15).

Shrestha et al. (16) have conducted research on the influence of LPBF parameters on the defect formation for
Inconel 625. It has been shown that lower (20.31 J/mm?®) and upper (162.5 J/mm?) ranges of volumetric energy
densities of their study both resulted in high porosity, however the nature of porosity for lower and upper set
of energy density is different. At low energy densities, lack of fusion is formed, while keyhole pores are formed
at higher energy densities (Fig. 1.5). Figure 1.5 shows three micrographs of samples produced with different
scan speeds, while laser power 195 W and hatch spacing 120um remained constant. Figure 1.5 (a) is obtained
from a sample fabricated with 375 mm/s scan speed, thus with the highest energy density in this study that
resulted in the formation of keyhole pores inside of the tracks, while for sample produced with the lowest

energy density (scan speed 1500 mm/s) the lack of fusion, located between the tracks, is observed (Fig. 1.5.(¢c)).



Figure 1.5. Optical microscope images of LPBF samples showing layers formed using power 195 W, 120 um
hatch spacing and (a) 375 mm/s, (b) 750 mm/s, (c) 1500 mm/s scan speeds (16).
Since LOF is caused by lack of complete melting and overlapping, it is expected that an increase in laser power
(P) and a decrease in the speed of scanning (v) will melt more powder particles within a unit of time. The
concept is the same as in conventional fusion welding, whereby the input of energy by the heat source is
expressed by the ratio of P/v. However, during LPBF, the complete melting of powder particles is greatly
dependent on the volume of material to be melted. Decreasing layer thickness (h) and inter-scanline (hatch)
distance (d) is thus expected to enhance the complete melting of powder particles. The energy input per unit
volume per unit time is a measure of the melting level and is commonly utilized to evaluate LPBF process

parameters.

Because cooling rate is high (10°-10° K/s) during LPBF (17), the solidified microstructures can be
considerably different from the microstructures formed using traditional processing methods, as cooling rates
are normally considerably lower. The very high cooling rates during solidification in LPBF result in a very

fine microstructure, for example, submicron sizes of secondary dendrite arm spacings (18).

Aluminium alloys stand out as one of the primary material systems drawing significant interest in the LPBF
research, earning preference for numerous high-value applications. They are positioned to be employed in
applications where performance and light-weighting are required, because they offer a good compromise
between strength and density and are also reasonably priced. Nowadays, aerospace and automobile products
all incorporate aluminium components produced by LPBF (19). The microstructural improvement of Al (cast
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alloys, in particular) after LPBF processing is another benefit. In the past, cast alloys have been strengthened

by modifying their microstructures chemically while being cast.

Al alloys from the high-strength 2xxx and 7xxx series are widely used in aerospace and automotive
industries but face challenges in LPBF due to hot cracking. Hot cracking can be either liquation
cracking or solidification cracking. Liquation cracking occurs when intermetallic-phase particles at
grain boundaries melt at temperatures above the eutectic point but below the alloy’s solidus
temperature. These particles cannot be completely dissolved during LPBF due to rapid heating, which
results in forming liquid films that lead to cracks under tensile stress. In high strength Al alloys like
AA7075 and AA2024, as in most unweldable alloys, cracks initiate in the final stage of solidification
in semi-solid regions with low liquid fraction when liquid cannot effectively be fed to the shrinking
space and thermal stress is built up to assist the crack propagation during LPBF (20), (21). Therefore,
one of the solutions to this problem is developing a new alloy, specifically designed for LPBF process.
Thus, Scalmalloy, a high-strength aluminium alloy, has been specially developed for aerospace

applications and proven suitable for processing by LPBF (22).

1.2 Scalmalloy and its LPBF

Scalmalloy (Al-4.5Mg alloy with the additions of Sc and Zr), developed by Airbus Group Innovations for
aerospace applications, is a member of the 5xxx series of aluminium alloys. This alloy is LPBF printable
without hot cracking. When high strength and thermal conductivity are required, Scalmalloy may be used in
place of titanium alloys in aerospace applications (23). According to the APWORKS data sheet (24),
Scalmalloy’s YS =480 MPa, UTS = 520 MPa, while YS and UTS for high strength Al alloy 2024-T6 are 390
MPa and 470 MPa, respectively (25). Thus, Scalmalloy is a high strength aluminium alloy with better

elongation than other aluminium alloys processed by LPBF, strong corrosion resistance and weldability (24).

The microstructure of LPBFed parts differs from the microstructure of parts obtained through conventional
manufacturing techniques, such as rolling, casting and forging. Solidification mode mainly depends on the
temperature gradient (G = dT/dx) and the solidification velocity (V = dx/dt) in the solidification front.
Cooling rate (dT /dt = G - V), on the other hand, determines the size of solidification microstructures. When
the ratio of the thermal gradient and the velocity of solid-liquid front G /V increases, the solidification mode
changes from dendritic to cellular and finally to planar crystal (Fig. 6). The size of the microstructure reduces

as G - V increases.
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Figure 1.6. Map of solidification modes and microstructure sizes under various G and R values (26).

During LPBF, thermal gradients due to localized laser heating ranged 5-20 K/um and cooling rates ranged 1—
40 K/ps are high (27). When G >> V, the heat is extracted directionally, favoring columnar grain growth
aligned with the heat flow. When G is not significantly larger than V, the cooling rate is high but still allows
some instability in solidification front, leading to dendritic structures. Thus, the microstructure of printed parts

mainly consists of cellular and columnar dendrite grains. (Fig. 1.7) and the latter easily enables hot cracking.
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Figure 1.7. Hot cracking in columnar microstructure (28).

However, columnar grain growth, which occurs due to the steep thermal gradients with relatively lower
solidification rates, is not the only condition for hot cracking. Another reason for hot cracking is liquid film
formation that occurs in alloys with a wide solidification range, causing liquid films between dendrites/grains
during cooling (Fig. 1.8). This is common for high strength Al alloys, such as Al7075 and Al6061, Ni-based
superalloys (IN738) and high-strength steels. The residual liquid phase is trapped along grain boundaries and
if the film is too thin, it can rupture creating a crack (29). Hot cracking can also be caused by shrinkage stress
due to rapid cooling (30). LPBF cooling rates are around 103-10° and can induce high residual stress caused
by thermal contraction mismatch. These stresses can exceed the fracture stress of the last solidifying grain

boundaries and lead to crack propagation.



!

Figure 1.8. Schematic illustration showing liquid film forming between grains.

To eliminate hot cracking, the presence of equiaxed grains should be in the microstructure to interrupt the
columnar grain growth and to prevent it from continuing to the next track, thus, equiaxed grains can act as a
barrier for crack propagation. Scalmalloy's LPBF printability can therefore be attributed to its microstructure
(31). Al-Mg alloy containing Sc and Zr processed by LPBF offers excellent properties in the as-built state
(002=300 MPa (32), due to the presence of very fine equiaxed grains in the microstructure. The alloy in as-
built state has a duplex (bimodal) grain present in each track: region 1) fine, equiaxed grains (0.7 £0.3 um in
diameter) adjacent and next to the track boundary; region 2) coarse, columnar grains (= 50 um long) away
from the boundary growing in the direction of heat flow (33), (34), (35), (36). The schematic illustration of the
bimodal structure is provided below (Fig. 1.9)

Columnar grains

Equiaxed grains /

Figure 1.9. Schematic representation of bimodal structure.

To understand the significance of the bimodal grain structure in a track, it is helpful to compare it with the
grain structure observed in a commonly used LPBF alloy. A suitable comparison can be made with Co-29Cr-
6Mo, a well-established alloy in additive manufacturing that has typical cellular/dendritic microstructure. The
comparison of printed Co-29Cr-6Mo microstructure and printed Scalmalloy microstructure is presented below
(Fig. 1.10). In LPBF of Co-29Cr-6Mo, like most alloys, equiaxed grains do not form, and after epitaxial

growth, cellular/dendritic grain growth continues to the top, resulting in a fully cellular/dendritic
7



microstructure. On the other hand, during LPBF of Scalmalloy, in each track, fine equiaxed grains form and
grow next to and along the track boundary, followed by columnar grain growth. Thus, there are no continued
columnar dendritic grains grown from one track/layer to another, therefore, there is no condition for hot
cracking. It is now well understood that the alloy is amendable for processing by LPBF with the microstructure

free of hot cracking, however the formation mechanism of bimodal microstructure is yet to be understood fully.

b)

Figure 1.10. a) Microstructure of Co-29Cr-6Mo alloy samples processed by LPBF made in our lab (37).
Columnar cellular morphology. b) Microstructure of Al-Mg-Sc-Zr alloy (Scalmalloy) samples processed by
LPBF made in our preliminary work. Equiaxed grain region next and along the track boundary and
columnar grain region away from the boundary inside the track = bimodal microstructure.

With a special blend of fracture toughness and high yield strength, Scalmalloy's hardening mechanism relies
on both very small grain size during solidification and precipitation hardening via Als;(Sci; Zrix) (35).
According to Spierings et. Al (35), to obtain high strength with UTS>520 MPa and YS>480 MPa heat

treatment after printing is needed to result in precipitation hardening and the treatment should be holding the

printed alloy between 325°C and 350 °C for 4 h to 10 h.

1.3 Mechanical properties under cyclic loading

Scalmalloy is a high-strength aluminium alloy and can be used for applications where cyclic loading is an
important consideration, however, despite increased usage, the fatigue behaviour of LPBF-produced
Scalmalloy is insufficiently understood, even after a decade of investigation. Metal fatigue is the major form
of failure that occurs after the repetition of several cycles, from a few to millions, of stresses applied to the
part. Breakages due to fatigue are very costly and many human lives have been lost because of unexpected
failures or errors in the fatigue design process. Thus, fatigue characteristics can play a crucial role in some
parts and require a deep understanding of the crack initiation and propagation mechanisms (38).
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Fatigue loading is the repeated application of cyclic stress or strain, which is much lower than the stress
required to cause failure during a single application of stress. In fatigue analysis, several key stress parameters
are used to describe the cyclic loading conditions. The maximum stress (omax) is the highest stress level in a
cycle, while the minimum stress (omin) is the lowest. The stress amplitude (c,) represents half of the total stress

variation in a cycle and is calculated as:

Omax—%min

> Equation 2

Ogq =
The stress range (Ao) is simply the difference between the maximum stress and the minimum stress:
Ao = Oy — Omin  Equation 3

The mean stress is the mean value of the maximum and minimum stress:

_ %maxtOmin

Om = > Equation 4

The stress ratio (R) is the relationship between the minimum and maximum stress and is given by:

R =Zmin  Equation 5

Omax

A positive R ratio (e.g., 0 <R < 1) indicates tension-tension loading, while a negative R ratio (R < 0) indicates

tension-compression loading (39).

Fatigue strength is described as the number of cycles to failure under a specific applied stress and the fatigue
(endurance) limit can be found by constructing an S-N curve (fatigue curve, Wohler curve) through fatigue
testing. In a S-N curve, stress (can be maximum stress, stress range or stress amplitude in the vertical axis) is
plotted as a function of cycle number to failure (horizontal axis). The figure below shows a typical S-N curve
(Fig. 1.11). Tests are performed by applying cyclic loading on specimens until the failure of the specimen
occurs. In some cases, the test is stopped after a very large number of cycles (N>107), meaning run-out, and

the results are then interpreted as infinite life, thus the fatigue limit is determined.
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Figure 1.11. Typical S-N curve (38).

Many factors affect fatigue strength of materials, such as geometry of the sample, stress ratio, surface
conditions, residual stresses and test environment. In High Cycle Fatigue (HCF) section of the S-N curve,
applied stress is sufficiently low (lower than yield stress) and thus the specimen deforms elastically. Referring
to Figure 1.11, between N=10° to N=10°, log(S) decreases linearly with the increase in log(N). The Low Cycle
Fatigue (LCF) region in Figure 1.11 refers to the data plot where applied stress is higher than the yields stress,
thus the specimen plastically deforms during fatigue testing. However, the demarcation between LCF and HCF

may not be clear. In conducting a fatigue test, ASTM E466 is normally followed.

The second important fatigue testing is one to determine the crack growth rate under cyclic loading when a
long crack is present. This refers to as fatigue crack growth (FCG) testing. To conduct FCG tests, the ASTM
E647 is followed (40). One of the commonly used type of FCG specimen is called compact tension (CT)
specimens and the specimen size, notch and locations of the holes for loading pins as shown in Figure 1.12 are
specified in the standard. The use of a notch is a crack to be generated first by load cycling so that crack growth

under an applied condition (stress intensity factor) can occur.
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Figure 1.12. An example of a standard Compact-Tension (CT) specimen with dimensions indicated for FCG
Testing as specified in ASTM E647 (41).

The results of tests as per ASTM E647 are presented in a graph plotting the crack growth rate (da/dN) as a
function of the stress intensity factor range (AK) on a log-log scale (Fig. 1.13). The graph is divided into three
regions, and each of them represents different crack growth behaviour when fatigue loading is applied. Region
I (threshold region) is at the left side of the graph, this region represents the threshold intensity factor (AK)
below which the crack does not grow. Region II (stable crack growth region) is in the middle section of the
graph, where crack growth is stable and predictable. The relationship between log(da/dN) and log(AK) is
approximately linear, following the Paris-Erdogan law:

da _ m i
o CAK Equation 6

. da . . . .
where a is the crack length and ﬁ is the increase in the crack length per cycle, € and m are material parameters

and can be determined from linear region II of the graph. Region Il (unstable crack growth region): located at
the right side of the graph, near the critical stress intensity factor (Kc), which represents the material's fracture

toughness. Crack growth becomes rapid and unstable, eventually leading to failure.
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Figure 1.13. Typical plot of crack growth per cycle as a function of the stress intensity range showing the
three regions.

To understand how defects and surface conditions affect fatigue performance, it's important to use a suitable
model. For LPBF components with high-quality surface finishes, achieved through machining or polishing,
fatigue performance is mainly influenced by internal defects rather than surface conditions (42). It is found
that these internal defects, often located at the fracture surface edge (surface defects) or just below the surface
(subsurface defects), behave like short cracks. Their size can be measured using Murakami's Varea parameter,
where Varea is the square root of area of the defect that caused the failure. Furthermore, the relation between
defect size and dynamic strength can be illustrated using the Kitagawa-Takahashi (K-T diagram (Fig. 1.14)
(43) and a modified El-Haddad model (44).
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Figure 1.14. Schematic representation of the Kitagawa-Takahashi diagram (43).

For short cracks, there is a limiting threshold, Ac., which closely matches the fatigue limit determined for
smooth, unnotched specimens. The transition from short to long crack growth is defined by a specific crack
length, known as the El Haddad parameter (ao). This parameter can be determined using the following equation

(44).

MK\ ? .
apg = (ﬁ) % Equation 7
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1.4 What this thesis covers

This PhD research investigates the solidification behaviour of Scalmalloy during LPBF and its influence on
the resulting microstructure, with a particular focus on the formation of the bimodal grain structure that makes
this alloy printable. The study first examines the elemental segregation and phase formation and growth during
LPBF solidification, providing insights into the underlying mechanisms responsible for the unique
microstructural characteristics observed in LPBF-processed Scalmalloy. Then, this research explores the crack
growth behaviour of Scalmalloy when cyclic loading is applied, a critical factor in determining the alloy’s
fatigue performance and structural integrity in engineering applications. The diagram representing the scope

of this thesis is presented below (Fig. 1.15)

High strength Al-alloys

2xxx hot
cracking =>

cannot be
3D printed

5xxx + Sc/Zr = unique 7xxx hot
bimodal microstructure = no cracking =>

hot cracking = can be 3D cannot be
printed 3D printed

what 1s the formation
mechanism of bimodal
microstructure?

This thesis

unique mechanical properties covers

good mechanical
properties under
static loading

behaviour under
cyclic loading?

Figure 1.15. Scope of the Thesis.
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Chapter 2 - Literature review and research questions

The review will first cover the research on solidification during LPBF of aluminium alloys, from the
conventional castable alloy, through high strength Al-alloys that are not castable and thus not printable, to
Scalmalloy that is printable. The review on solidification will then examine the Al-Mg-(Sc/Zr) phase systems
and possible solidification paths relevant to Scalmalloy during LPBF. This is then followed by deeply
analysing the literature on possible mechanisms of formation of bimodal grain structure during LPBF of
Scalmalloy. The second aspect of the review will cover the Scalmalloy heat treatment condition and how it
affects Al3(Sc,Zr) particles. Finally, research work on the fatigue behaviour of LPBF Scalmalloy will be
reviewed in detail. The review on fatigue performance of LPBF Scalmalloy includes an assessment of its high
cycle fatigue strength determined from S—N data, fatigue crack growth behaviour and corresponding threshold
stress intensity factor (AKw), as well as LPBF defects and their role analysed using the Kitagashi—Takahashi

diagram.

2.1 Solidification

2.1.1 Grain structures in as-built state

Aluminium alloys are one of the extensively used metals in LPBF due to their lightweight, high strength and
resistance to corrosion. The predominant aluminium alloys processed by LPBF have come from the Al-Si-Mg
alloys, in which silicon serves as the main alloying element. Typical Al alloys produced by LPBF are AlSil2
and AlSi10Mg, where Si addition improves its castability (thus printability), and Mg addition for strengthening

of the alloy through precipitation hardening and to a small extent solution hardening (45).

Thijs et al. (46) conducted a comprehensive study on the AlSi10Mg alloy, with a specific focus on how various
scanning strategies could influence the microstructures. An image depicting the microstructure of an
AlSi10Mg LPBFed component, both from a frontal and lateral perspective, can be seen in Figure 2.1. Across
the melt pool, three distinct zones can be identified: a fine and a coarse cellular structure within the melt pool
and a heat-affected zone (HAZ) surrounding the melt pool in the previously deposited layers. The solidification
mode is mainly cellular, but dendrite side branches also have formed. It was also observed that due to the
movement of the laser beam and the method of scanning, the thermal gradients and growth rates varied across
the melt pool. Consequently, the fine of cells and textures changed throughout the cross-section of the track,
leading to characteristic anisotropic mechanical behaviour in additively manufactured aluminium components

(47).

14



Figure 2.1. SEM micrographs taken in a LPBF AlISilOMg sample: top micrographs taken from a track
surface region and the bottom microstructure taken from a lower track boundary region, with arrows
pointing to cellular growth directions (46).

SEM images showing microstructures of the samples made with differing orientations are presented in Figure
2.2 (48). These microstructures exhibit finely cellular dendrites. Within these images, the dark grey regions
correspond to the a-Al phase, while the bright grey regions represent Al-Si eutectic. Notably, the
microstructure in the z-axis direction differs when compared to that of the x-axis and y-axis directions, with
the latter two displaying similar features. Specifically, in the parallel and perpendicular directions relative to

the build direction, the eutectic structure of Al-Si is interlinked, forming a network.
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Figure 2.2. SEM images of a LPBF sample taken from various planes (48).

In order to achieve high strength in LPBFed Al alloys, efforts have been made to produce 2xxx, 6xxx, 7xxx
series Al alloys by LPBF (49), (50), (51), (52). These alloys are widely used in the automotive and aerospace
industries due to their exceptional strength-to-weight ratio, good corrosion resistance and favourable fatigue
properties (53). However, LPBF-produced wrought aluminium alloys exhibit solidification cracks, making
them less suitable for engineering applications (54), (31), (55). Contributing factors to susceptible hot-cracking
and poor printability include (a) wide solidification temperature range, (b) poor liquid permeability and limited
liquid supply at the final stage of solidification for backfilling the cracks, and (c) columnar solidification mode.
Alloys with a large freezing range experience hot cracking as these alloys remain longer in the vulnerable state
when inter-dendritic regions are effectively thin liquid films. During the solidification process, as solid fraction
increases, liquid is present locally in some inter-dendritic pockets. When liquid is difficult to flow through the
dendritic solid network under the condition of continued thermal contraction of the solid, hot tearing may
readily occur (56). Moreover, the LPBF process creates specific solidification conditions that promote the
development of long columnar grains in wrought aluminium alloys, thereby facilitating the initiation and
spread of cracks along grain boundaries (49) (54). Examples of intergranular cracks for 2xxx and 7xxx Al

alloys are provided below (Fig. 2.3, Fig 2.4).
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Figure 2.3. Hot crack propagating through the intergranular region in LPBF-processed 2024 aluminium
alloy (49)

Figure 2.4. An intergranular crack in LPBF-processed AA7050 (54).

As for Scalmalloy, the addition of Scandium (Sc) and Zirconium (Zr) results in a bimodal (duplex)

microstructure consisting of equiaxed and columnar grains. Schmidtke et al. (57) conducted research on the

17



alloy development based on very small additions of Sc (0.66 wt%) and Zr (0.37 wt%) to Al-4.5Mg (5xxx)
alloy. These additions enabled the alloy to be age-hardenable, achieving a yield strength (YS, o) of
approximately 500 MPa in its peak-hardening state, while keeping the printed sample without hot cracking.
However, the precise mechanism of bimodal microstructure formation that is hot crack free remains not fully
understood. Spierings et al. conducted a number of studies (35), (36), (58), (59), (60) illustrating the presence

of equiaxed-columnar bimodal structures within each printed track (see Fig. 2.5).

Figure 2.5. Microstructures of equiaxed and columnar grain regions. (a) shown in optical micrograph, (b)
shown in EBSD orientation map, (c) pole figure in equiaxed grain region and (d) pole figure in columnar
grain region (59).

It has been demonstrated that during solidification, two different structures are formed. In one type of structure,
the material develops a long, narrow, grains that align with the build (z-) direction. In the other type of
structure, the grains are much finer, arranged randomly, showing no clear pattern. This is confirmed by Figure
2.5.c, which indicates no preferred grain orientation for the equiaxed grains region and, in contrast, Figure
2.5.d shows that the columnar structure has a strong <100> orientation, roughly parallel to the build (z-) axis.
Spierings et al.'s in (58) demonstrated an average thickness of a fine-grained (FG) region, or equiaxed grain
region, of about 10 pm and a coarse-grained (CG) region, or columnar grain region, in size of approximately
20 pm. Also, it has been shown that the bimodal microstructure is fine-grained, with grain sizes ranging from

200 nm to less than 15 pm.

2.1.2 Phase diagrams and solidification path

Aluminium alloys that contain small scandium additions present improved properties in several fields. As
underlined in the paper by Lee et al. (61), scandium, when added to aluminium, is a powerful dispersoid
strengthener, grain refiner and recrystallisation inhibitor. Sc reduces hot cracking during welding and 3D
printing and gives the highest increase of strengthening (per atomic percent) of any alloying metal when added

to aluminium. The Al;Sc dispersoid (AuCus-type phase) is coherent with the Al-matrix. To understand the
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microstructure and mechanical properties of Aluminium alloys containing Sc, deep knowledge of the phase
diagram and solidification process is required. The binary Al-Sc phase diagram is presented in Figure 2.6. It
has been shown in (62), (63) that the limit solubility in Al-Sc phase diagram is 0.38 wt%, the eutectic

temperature is 656-660°C, the eutectic point is 0.52-0.58 wt% Sc and the eutectic reaction is determined as L
— (Al) + AlsSc.
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Figure 2.6. Binary Al-Sc phase diagram (63)

Zirconium, typically in the 0.1-0.3% range, is added to produce a fine precipitate of intermetallic particles. In
the current research, Scalmalloy contains from 0.2% to 0.5% of Zr, as per the composition provided by the
powder supplier (Table 3.1). In contrast to the Al-Sc alloy system, in the Al-Zr alloy system (referring to the
Al-rich side), the peritectic reaction is promoted, creating the stable Al;Zr phase that has DO,s crystal structure
and exhibits a poor match with a-Al, where DO,s is a designation for a tetragonal crystal structure used to
describe an ordered intermetallic phase. The influence of cooling rate on the solidification sequence of Al-Zr
alloys has been studied by various researchers. Rapid solidification techniques like chill casting (64) and splat
quenching (65) have been applied to study microstructures after solidification and the decomposition of Al+Zr
solid solutions. Hori et al. (66) demonstrated the potential to control the formation of the primary phase (DO2;
Al3Zr) in the liquid phase, which helps to form the metastable L1, AlsZr phase (refer to Fig. 2.7). This transition
leads to a grain structure refinement. Similar to the case of Sc, this effect can be attributed to the structure of
the L1, AlsZr phase being similar to and a-Al. However, unlike Al-Sc alloys containing 0.7% Sc, which
consistently form the L1, equilibrium phase across all cooling rates, the formation of L1, Al:Zr intermetallic

is limited to a narrow range of cooling rates and compositions, as depicted in Figure 2.7 (67).
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Figure 2.7. Map (cooling rate and Zr content) showing the conditions for forming primary metastable L1,
AlsZr phase (67)
Wang et al. in (68) show that a eutectic reaction occurs in Al-Zr alloys under condition of cooling rates from
0.5 to 5 K/s during solidification. Zr-rich particles were detected to be present in grain boundaries and these
particles were determined by electron diffraction analysis to be the tetragonal DO»3 Al;Zr phase. This is further
supported by differential thermal analysis showing a peak at 658659 °C, which is lower than the melting point

of pure Al, thus indicating the presence of a eutectic reaction.

Scandium is shown to provide a strengthening effect for Al-Sc alloys with S¢>0.6%. However, when scandium
is introduced in conjunction with zirconium, the modifying influence of scandium becomes evident at lower
concentrations (Fig. 2.8). Zirconium is a common co-additive with scandium in Al alloys, employed to reduce
the necessary quantity of the latter and enhance the stability of the dispersion-hardened structure. Extensive
research has probed the isothermal section of Al-Sc-Zr phase diagram at 600°C across the entire phase diagram.
This exploration revealed that the Al;Sc phase can accommodate substantial amounts of Zr. Consequently,
when both Scandium and Zirconium are added into an aluminium alloy, only a small amount, if any, of the
Zirconium will form AlsZr particles. The remaining Zirconium will be dissolved into the Al;Sc particles. Thus,

it is more precise to refer to them as Al3(Sci«Zrx) particles or simply Als(Sc,Zr) particles (69).
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Figure 2.8. Al rich corner of AI-Sc—Zr phase diagram at 600°C (69).

Analysing these phase diagrams, it is important to understand how phases form during the solidification
process, as their sequence influences the final microstructure and, subsequently, the mechanical properties of
the alloy. The solidification path is the sequence of phase transformations, starting from the initial nucleation
of primary solid phases, that occur during the solidification of liquid with decreasing temperature until a fully
solid state. Samaras et al. in (70) has investigated the solidification path of Al-Mg-Sc-Zr using ThermoCalc
software. The modelling has shown what phases occur at a certain temperature along the whole solidification
path (Fig. 2.9, Table 2.1). According to the diagram presented in Figure 2.9, the AlsZr phase is solidified before
FCC (688°C-639°C), facilitating heterogeneous nucleation sites for the main phase FCC (637°C) and
modifying the as-cast grain structure. The Al;Sc phase solidifies at 604°C, when 75% of FCC phase is

solidified, and consequently its modifying effect is minor compared to AlsZr.
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Figure 2.9. Solidification path of Al-4.5Mg-0.7Mn-0.4Sc-0.15Zr reported in (70).

Table 2.1. Phases reported in AA 5086 with addition of Sc and Zr (70).

Phase Solubility fraction at Chemical Compo- Comments
Temperature g50c sition
B-AlMg 228°C 10.2 at.% 63.23 wt.% Al
36.31 wt.% Mg
0.46 wt.% Zn.
AlsMn 631°C 2.48 at.% 74.50 wt.% Al
19.28 wt.% Mn
6.13 wt.% Fe.
Al.Zr - 0.08%wt 687°C 0.0947 at.% 47.02 wt.% Al exists with ligquid at
52.98 wt.% Zr 638°C-687°C
AlZr - 0.15%wt  738°C 0.18 at.% Same exists with liquid at
638°C-738°C
AlSc-0.1% wt  580°C 0.24 at.% 64.29 wt.% Al
35.71 wt.% Sc
AlLSc-04% wt 641°C 0.96 at.% Same

Another study (71) investigated the solidification path of Al alloy with the addition of Sc and Zr and showed
that the liquidus temperature of the alloy is 688 °C (Fig. 2.10). The initial solid phase to occur within the
molten material is Al;Zr, which continues forming until it reaches 637 °C. At this temperature, the a phase
commences its solidification. At this point, the primary AlsZr constitutes roughly 0.50 mass percent of the
alloy. Being dispersed throughout the molten mixture, it offers various heterogeneous sites for initiating the
solidification of the a phase. Notably, the primary AlsSc begins its formation at 604 °C, once about 70% of
the matrix o phase has already solidified. Thus, in this scenario, it appears that the impact of Zr on refining the
as-cast microstructure is more prominent than that of Sc. With higher Sc and Zr additions, these effects become
more pronounced. For instance, introducing 0.40 mass percent Sc and 0.15 mass percent Zr into the base alloy

results in a broader solidification range, initiating at 743 °C and concluding at 447.3 °C. Al;Zr forms as the
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first solid phase, followed by Al3Sc, with the latter initiating solidification approximately 100 °C lower. It is
important to note that, in this case, both of these phases begin solidifying before the matrix phase, thus

providing the nucleation sites for microstructure refinement.
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Figure 2.10. Solidification path of the Al-4.5Mg-0.1S5c-0.08Zr alloy predicted by Thermo-Calc calculation.
Formation of the respective phase starts as pointed to by the arrows (71).

While the solidification path defines the sequence of phase transformations, it is equally important to analyse
how these phases influence the final grain structure. In aluminium alloys with Sc and Zr additions, the early
precipitation of AlsZr and AlsSc provides heterogeneous nucleation sites, refining the as-cast microstructure.
However, during LPBF, cooling rates are high and up to ~10° K/s for aluminium. Thus, phase transformation
during solidification is highly non-equilibrium, with the solidification path possibly departing from what may
be predicted by the equilibrium phase diagrams significantly. Thus, the solidification path that leads to the

formation of the bimodal grain structure during Scalmalloy LPBF needs to be considerably further studied.

2.1.3 Formation mechanisms of bimodal grains growth

The study of the formation mechanism of the bimodal microstructure in Scalmalloy processed by LPBF began
as researchers observed peculiar grain structures unique to this advanced manufacturing process that has been
widely reported (35), (36), (72). Initially, interest in Scalmalloy rose from its exceptional strength and ductility,
making it a promising candidate for aerospace and high-performance applications. Experimental results have
shown that adding Sc and Zr alloying elements causes precipitation of AlsSc and Al;Zr, which act as grain
refiners. This results in crack-free LPBF parts with high tensile strength. However, the mechanism of forming

the bimodal structure is still not explained clearly (59).
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In their research on LPBFed Scalmalloy, Spierings et al. (35), (36), (58), (59), (60) detected nanoparticles of
Al3(Sc,Zr) within the size range of 30-100 nm. It was posited that these particles serve as nuclei for the
development of equiaxed grains near the track boundary, as illustrated in Figure 2.11 (58). Both homogeneous
(happens spontaneously within the liquid without any external surfaces) and heterogeneous (begins on a pre-
existing surface) nucleation can produce new grains during solidification. As second-phase particles in the
molten pool supply pre-existing surfaces, heterogeneous nucleation is more favourable than homogeneous
nucleation as it requires less energy. If particles have a crystal structure and lattice parameters that are similar
to those of the solidifying aluminium matrix, they can act as nucleation sites for new grains to grow. If
nucleation sites are present, they can promote the formation of equiaxed grains, preventing the dominance of
columnar growth (73). The origin of Als(Sc,Zr) nanoparticles remains uncertain. Scheil simulations in study
(58) have shown that these particles dissolve at temperature around ~800 °C and growth of coarse columnar
grains takes place. Thermal simulations, on the other hand, have demonstrated that temperatures below 800 °C
within the melt-pool exist only in a relatively thin zone near the melt-pool, with an approximate thickness of
~10 pum. This observation aligns with the fine-grained region seen in the microstructure. Thus, Spierings et al.
have suggested that Al;(Sc,Zr) particles can survive in the melt region next to track boundary and later

solidifies in equiaxed-grain solidification mode have come from the remelting of the previous track/layer.
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Figure 2.11. Cube-shaped Als(ScZr) particle shown in a) BF-TEM image, (b) in a higher magnification
image with FFT, c) EDS spectrum (58).
Spierings et al. (58) have suggested the role of Al3(Sc,Zr) particles as nucleation sites for equiaxed grain
formation during LPBF, given that Al(Sc,Zr) particles have been recognized for initiating equiaxed a-Al grain
growth in conventional casting. However, it's important to note that equiaxed-grain formation during casting
does not mean the presence of preexisting Al3(Sc,Zr) particles. Hyde et al. (74) illustrated the grain-refining
effect of AlzSc during the solidification of Al-0.7wt%Sc alloy, which was initially melted and held at 750 °C.
In this case, the melt temperature exceeded the liquidus temperature of the alloy, indicating that AlsSc particles
do not exist in the melt. Instead, Al3;Sc nuclei have been formed directly from the melt pool as it has been

cooled and solidified, providing the subsequent growth of equiaxed a-Al grains.
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Therefore, the precise reason behind the belief that Als;(Sc,Zr) nuclei originate from the remelting of the
previous layer or track to facilitate equiaxed grain formation during LPBF remains uncertain. This remelting
mechanism, which leaves Als(Sc,Zr) particles unmelted in the region adjacent to the track boundary, was
subsequently proposed by Yang et al. (75). They succeeded in achieving an almost entirely equiaxed grain
structure by elevating the applied energy density to 154.2 J/mm?® and increasing the platform temperature to
200 °C. The authors have proposed that this achievement is attributed to a combination of reduced thermal
gradients and enlarged remelting zone volumes, and effective grain refinement resulting from the addition of

Sc, although the presence of Al;Sc particles in equiaxed grain region has not been demonstrated (see Fig. 2.12).

Figure 2.12. EBSD orientation maps of LPBF Scalmalloy samples with various laser energy and base plate
temperature: (a) 77.1 J/mm’ and 35 °C; (b) 154.2 J/mm’and 35 °C; (c) 77.1 J/mm’ and 200 °C; (d) 154.2
J/mm’ and 200 °C (75).

The suggestion of the mechanism relating to remelting seems to be still prevailing, as described in a recent
review specifically on LPBF of Sc-containing aluminium alloys (76). Ekubaru et al. (77) have recently
demonstrated that controlling the hatch spacing can control the amount of equiaxed grains and thus manage
the alloy's strength through grain-boundary strengthening (Fig. 2.13, 2.14). However, the role of unmelted

particles in this mechanism remains unclear and requires further investigation.
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Figure 2.14. Corresponding tensile stress-strain curves demonstrating hardening effect for samples printed

with higher hatch spacing (77).

Since Spierings et al.’s studies, there has continuously been a strong research effort on a number of aspects of

LPBF of Al-Mg alloys containing various amounts of Sc and/or Zr (34), (78), (79), (80). Contents of Sc and

Zr differ in various studies, so that the kinetics of forming Al3(Sc,Zr) may differ. In Zhang et al.’s (78) study

ata P/v=0.18 J mm, a small

amount of coherent, spherical Al(Sc,Zr) precipitates with a radius of 10~40

nm were obtained at the bottom of molten pool, and very limited precipitates were found in the centre of the

molten pool (Fig. 2.15), while no precipitates were observed throughout the matrix at P/v =0.09 J mm™ . The
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author suggested it was probably attributed to the dramatic change of heat-mass transfer as well as the short

liquid lifetime with the change of scan speed and subsequently P /v ratio.

Al (Sc, Zr)
7

¥

Figure 2.15. SEM micrographs taken from LPBF Al-Mg-Sc-Zr samples made using P/v = 0.18 J mm’', with
Al3(Sc,Zr) particles indicated by arrows (78).

In a contrasting study by Shi et al. (34) involving Scalmalloy processing at P /v values ranging from 0.07 to
0.62 J-mm' (with laser power ranging from 220 W to 370 W and scanning speed varying from 600 to 3000
mm/s), their scanning transmission electron microscope (STEM) analysis revealed the absence of detectable
particles. Similarly, Churyumov et al. (80) found no Als(Sc,Zr) particles in their investigation. Even at P /v =
0.81 J-mm™, the examination of the microstructure using transmission electron microscopy (TEM) did not
reveal any particles but only the aluminium solid solution (Fig. 2.16). The author proposes that the inability to
identify those particles stems from a lower supersaturated solid solution of Mg, Sc, and Zr compared to prior

studies.
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Figure 2.16. TEM microstructure of as-built sample produced using laser power 180 W and scanning speed
220 mm s~ confirming lack of Als(Sc, Zr) particles (superstructure diffraction not observed in the diffraction
pattern) (80).

Additionally, Ma et al. (79) analysed the microstructure and mechanical behaviour of an Al-4.0Mg-0.7Sc-
0.4Zr-0.5Mn alloy produced by LPBF and samples for microstructural investigations and mechanical tests
have been printed at P/v = 0.27 J-mm’'. While the paper mainly focuses on the effects of bimodal
microstructure on mechanical properties and describes the function of Als(Sc,Zr) particles as grain refiners,

the authors do not, however, demonstrate the presence of these particles in the microstructure.

Analysing the previous studies, it can be noticed that there is no strong evidence to suggest that unmelted
particles are the driving factor for equiaxed grain formation in LPBFed Scalmalloy. While some studies
suggest their influence, clear experimental validation remains absent. A more thorough understanding of the

role of Sc in forming the bimodal microstructure in Scalmalloy is thus important.

2.2 Precipitation hardening

It has been widely assumed that Al3(Sc,Zr) particles act as nuclei for forming the equiaxed grains next to the
track boundary. The original source of Als(Sc,Zr) nanoparticles, however, is less clear. This section is
addressed with special focus on the literature reported the presence of Als(Sc,Zr) particles, their location within
the melt pool, size and method of their detection. This section focuses on the precipitation behaviour of
Scalmalloy, beginning with an examination of the state of hardening elements in the as-built condition,

followed by a review of how Als(Sc, Zr) evolves during heat treatment.
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2.2.1 State of hardening elements in as-built condition

Table 2.2 represents an overview of the existing work in the study of the state of Als(Sc,Zr) particles in LPBFed
Scalmalloy. The data are summarized from various sources in the literature and include the composition of the
alloy, the process conditions (scan speed and power/speed ratio), and the measured particle size. Some papers
report particle size and distribution in the equiaxed or columnar grain regions, however some papers report the
absence of these particles. Various techniques, including TEM-FFT, SEM, STEM-EDS, and TEM-SADP,

have been applied in the detection of the nanoscale precipitates.

Table 2.2. Summary of previous studies of Al3(Sc,Zr) particles state in as-built condition.

Mg -Sc-Zr |v,mm/s| P/v,J/mm In equiaxed or Al3(Sc,Zr) Ref.
columnar grain detection
region

4.5-0.66-0.37[170-350| 1.18-0.57 50nm in E GB (58)

170 1.18 2-5nm in E TEM-FFT
>200 <1.00 None (36)
4.2-0.4-0.2 | 1800 0.18 50-90nm mainly in | SEM & TEM-| (78)

E, but no small ones FFT
3.4-1.08-0.23| 600- 0.62-0.07 None STEM-EDS (34)
3000

4.5-0.32-0.66 220 0.81 None TEM-SADP (80)
4.0-0.74-0.42| 1200 0.27 None TEM-EDS (79)
4.5-0.51-0.07| 500 0.40 They stated yes, 15-| TEM-SADPs, (D

20nm but not none show

shown in SADPs | superstructure

diffractions
4.7-0.72-0.33| 1000 0.37 up to 100nm in E STEM- (81),
but no small ones | EDS+TEM- (82)

SADP
4.5-0.66-0.33| 1200 0.31 A single particle | TEM-SADP (83)
~50nm in GB
4.6-0.69-0.39| No info| Noinfo |A cluster with each| TEM-SADP (84)
up to 40nm

Although Mg concentration is just 3.4wt% in two of these investigations, it is close to 4.5wt% in many of

them. According to several studies, the contents of Sc and Zr vary, which could affect how Als(Sc,Zr) is being
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formed. Heat input itself should have a closer relationship to the mode of solidification than the volumetric
energy (E), which is frequently utilised in LPBF studies and equals the heat input divided by the product of
hatch spacing and layer thickness. Thus, P /v values together with v values are listed in the table. These values
correspond to those samples made for TEM analysis in the various studies. As listed in the table, the sizes of
Als(Sc,Zr) precipitates/dispersoids have been found either >50nm (large) or on average significantly less than

10nm (small).

Spierings et al. in (58) reported the presence of Als(Sc,Zr) particles up to 100 nm in size in equiaxed grain
region and assumed that these particles serve as the nucleation sites for the formation of equiaxed grains next
to track boundaries, but further inside the track, the particles being dissolved lead to the growth of columnar
grains (58). Also, Spierings et al. in (58) reported that AlzSc particles of <5nm size only precipitate at the low
v value at 170 mm/s during LPBF (Fig. 2.17). This low v value, using the laser power (P) value of 200W
corresponds to a heat input (P/v) value of 1.18 J/mm. Spierings et al. (36) point out that, for v > 200mm/s
(P/v <1 J/mm), supersaturation of Sc and Zr in Al-Mg forms instead of precipitating Als(Sc,Zr) during LPBF

solidification.

50nm

Figure 2.17. Nanostructure in equiaxed grain region of a sample made using scan speed at 170 mm/s: a)
bright field STEM image, b) HR-TEM dark field image showing small <5 nm Al:Sc particles, ¢) FFT image
from b showing L1, reflections of Al matrix and of Al3Sc particles (36).

The only research group reported the Als(Sc,Zr) particles in size range of 15-20 nm is Kuo et al.’s (1), however,
their TEM-SADPs do not show Als(Sc,Zr) superstructure reflections (Fig. 2.18). Also, it has been stated in
(79) that, while primary Als(Sc,Zr) particles serve as a grain refiner and are primarily scattered within the

grains, the AlsMg, and AlsMn precipitates are mostly distributed along the grain boundaries.
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Figure 2.18. HAADF-TEM images of LPBF Al-Mg-Sc-Zr alloy: (a) in columnar grain regions and (b) in
equiaxed grain regions (79).
Large Als(Sc,Zr) particles were also discovered in Zhang et al’s (78) study utilising P/v=0.18 J/mm, whereas
small Als(Sc,Zr) particles were not found in the as-built condition under this low heat input scenario. From
Spierings et al. findings, it can be deduced that P/v<1 J/mm causes a lack of tiny Als(Sc,Zr) particles.
Furthermore, there seems a lack of information on the partitioning Sc during LPBF, particularly relating to the
mode of solidification. That the large (up to 100 nm) Als(Sc,Zr) particles are associated with the formation of
thin equiaxed grain region next to track boundary is unnecessary, as these particles are not observed in some
studies. Thus, the exact mechanism of solidification leading to the formation of bimodal microstructure appears

not yet fully understood.

2.2.2 Evolution of Al3(Sc, Zr) during heat treatment

The strengthening mechanism of Al-alloys with Sc, Zr additions is through the process precipitation hardening
contributed from the formation of nano-scaled Al3(Sc,Zr) particles. The high cooling rates used in LPBF
process leave a large quantity of Sc and Zr in solid solution, which is accessible for the post-process heat- or
HIP-treatment to precipitate finely dispersed, coherent AlsSc particles (60). Heat treatment of Scalmalloy is
reported in a number of studies. In (23), (32), (85), (86), (87) it has been shown that the most appropriate
regime to achieve the best combination of high strength and fracture strain is one-step heat treatment at 325°C
for 4 hours after LPBF (in as-built state), without first solution treatment. This is referred to as one-step heat
treatment. A one-step heat treatment can be compared to T5 heat treatment and thus termed TS5 in this study.
On the other hand, two-step heat treatment means the LPBF parts are solution treated normally at 540°C and
then quenched, subsequently followed by aging at temperatures, for example, 300°C. The two-step heat

treatment is thus T6 heat treatment.
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Churyumov et al. in (80) have reported that due to the development of nanosized dispersoids, the YS and UTS
dramatically increased after annealing and reached 424-438 MPa and 465-480 MPa, respectively. After two-
stage annealing, the Al3(Sc,Zr) precipitates’ homogeneous distribution causes a high value for the elongation.
It was noted that the precipitation hardening effect for as-built Scalmalloy is quite pronounced at the
temperature range 300-350°C during TS5 aging treatment. The hardness increases because the precipitation of
nanosized Als(Sc,Zr) particles during aging from a-Al supersaturated solid solution occurs after LPBF.
However, hardness reduction by aging at higher temperatures (than 360°C) can be explained by loss of
coherency for nanosized Als(Sc,Zr) precipitates when the particles reach their critical diameter (21.5 nm) at

high temperatures (Fig. 2.19) (69).
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Figure 2.19. Approximately estimated critical diameter for introduction of dislocations on Al/Al;Sc interface
as a function of temperature (69).

Churyumov et al. in (80) also have reported the presence of nanosized Al3(Sc,Zr) precipices, formed in the

supersaturated aluminium solid solution after one-step aging for 6h at 360 °C and two-step aging 300 °C for 3

h and then 360 °C for 4 h. The particles are predominantly on grain boundaries in the size of about 20-50 nm

after one-stage annealing at 360 °C/6 h and 5-8 nm after two-stage annealing at 300 °C/3 h+360 °C/4 h (Fig.

2.20).
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Figure 2.20. Microstructure shown in TEM (dark field) micrographs taken in samples made using P=180 W,
vs=220 mm/s, d=0.13 mm and after (a) one-stage aging (b) two-stage aging (80).
Croteau et al. (88) have shown that Al;Zr precipitates in the alloy during T5 aging result in a ~40% increase
in strength compared to the strength in as-built state. Koutny et al. (85) have compared mechanical properties
after TS5 (325°C/2h) heat treatment and T6 (540°C/1h with water quenching followed by 325°C/4h aging) heat
treatment. Yield strength after TS increased up to 540 MPa and after T6 up to 390 MPa. However, a significant
loss in ductility after T6 is observed. The analysis of the microstructure of as-built samples and heat-treated
ones has not been conducted, thus it is difficult to understand what sizes of precipitates have been achieved.
Kuo et al. at (1) investigated the influence of heat treatment time on mechanical properties and precipitates
behaviour and it was noted that after HT, the AlsSc precipitated consistently and increased (from 12.0 nm to
20.0 nm) with longer heat treatment times. Also, yield strength of LPBF Scalmalloy samples has considerably
improved from 286.9 MPa to 455.8 MPa after 4 hours of aging at 325°C. Then, the yield strength decreased
when the samples were aged for longer at that temperature. The size of precipitates after 4, 24 and 48 hours of
aging at 325°C was stated to be 12.0 = 0.1 nm, 18.3 £ 1.0 and 20.0 + 0.3 correspondingly, however, SADPs

have not confirmed the presence of particles (Fig. 2.21).
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Figure 2.21. Tensile curves and TEM images with SADP: a) and b) tensile stress—strain curves of the as-
built and heat-treated at 325°C for 4h (HT-4), 24h (HT-24) and 48h (HT-48) 3D-printed Scalmalloy
samples, and (c) TEM images and the corresponding SADP (1).

Spierings et al. (60) suggested that due to the high cooling rates during LPBF, Sc and Zr largely remain in

solid solution after solidification, and thus form precipitates during the post-LPBF heat- or HIP-treatment. The

number density has increased from 0.5-1.0-10% m™ to values between = 3-10* m™ and = 5-10” m

depending on the method of evaluation. The size of precipitates has been reported as =~ 5Snm. In a contradictory

study by Shi et al. (34) involving Scalmalloy aged at 300°C for 12h, no traces of Zr- or Sc-rich particles have

been found (Fig. 2.22). It has been also shown that after aging at 300°C for 12h, all samples (made with plate
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temperature 35°C or 200°C, vertical or horizontal loading during tensile testing) reach almost the same tensile

properties, with a yield strength of close to 460MPa.
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Figure 2.22. BF-STEM image of a LPBF Scalmalloy sample built using 35°C base plate and peak-aged at
300°C for 12 hours and the corresponding EDXS maps (34).
Zhao et al. in their study (89), investigated mechanical properties and the microstructure of Scalmalloy in as-
built and after aging at 325°C for 4h. The UTS of about 350.14 £+ 12.3 MPa and the ductility of about 25.3 +
0.94% for as-fabricated samples, while a yield strength of up to 494.32 + 4.16 MPa and a ductility of about 15
+ 1.27% after aging have been reported. They suggested that the increase in yield strength is from two sources,
grain boundary strengthening and precipitation strengthening. After SEM and TEM analysis, numerous
Al3(Sc,Zr) particles have been found inside the grains. However, the size of these particles has not been

reported.

The table below (Table 2.3) summarises studies that investigated precipitation behaviour after different heat
treatments. It contains data on Mg-Sc-Zr alloys, including the composition, processing parameters, heat
treatment conditions, mechanical properties and information related to the Als(Sc,Zr) particles, namely, their
location and size. The heat treatment conditions range from 300°C to 360°C with different durations, however,
the dominant regime used in most studies is aging at 325°C for 4 h. Observed particle sizes vary from particles
in size of 1-3nm, 2-5nm, and <10nm to particles greater than 50nm, while some authors have reported no
observed particles or have not provided sufficient evidence of their presence. The yield strength values range
from 438 MPa to 500 MPa and, based on the available data, a clear correlation between particle size and
mechanical properties cannot be established, as YS does not consistently increase or decrease with particle

size.



Table 2.3. Information of detecting/determining Als(Sc,Zr) precipitates/dispersoids in variousvs tudies of
LPBF of Al-Mg alloys containing Sc and Zr after heat treatment.

Mg -Sc-Zr |v, mm/s| P/v, HT Regime In equiaxed (E) or | YS, MPa | References
J/mm columnar (C) grain
region

4.5-0.66-0.37| 170 1.18 325°C4h 1-3nmin E (60)
350 0.57 325°C4h 2-5nm in E

3.4-1.08-0.23| 600- ]0.62-0.07| 300°C up to 12h |No particles observe| 460 (34)
3000

4.5-0.32-0.66| 220 0.81 360°C4h 20-50 nm on GB <438 (80)

300°C3h+360°C4h | (Small) <10nm in E| <480

3.4-0.8-0.4 | No info | No info 325°C4h Yes, but no <500 (89)
information on size
Inside the grain

4.5-0.51-0.07| 500 0.40 325°C24h They stated yes, 15-| <460 )

325°C24h 20nm but not shown
325°C48h in SADPs

From data in Table 2.3, it has been shown in (87) that particles reached their critical size, however, the
mechanical properties obtained in this research are lower than those reported in many others (36), (85), (90)
even without age hardening. In (85), it has been shown that the parts after TS heat treatment have better
mechanical properties than those after T6 heat treatment. However, authors have not provided information on
whether the size of precipitates after T6 (540°C/1h then 325°C/4h) can reach the size that corresponds to the
maximum hardening according to the aging time-versus-hardening diagram. To summarize all the information,
it can be stated that an appropriate regime of heat treatment that corresponds to the critical size and amount of

precipitates, and subsequently to the maximum hardening, is still not fully clear.

2.3 Fatigue performance and failure mechanism

In this section, studies on fatigue strength and cyclic fatigue crack growth behaviour, particularly under high
fatigue cycle (HFC) conditions, of Scalmalloy (or compositionally similar alloys) are reviewed. Available data
on the stress-cycle life (S-N) plots will first be presented and compared. The limited data on crack growth rate
(da/dN) as a function of intensity stress factor (AK) will then be discussed. Finally, the available studies on
how LPBF defects of the alloy affect endurance limit (fatigue strength at N> 107 cycles), considering also

threshold AKy, are reviewed.
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2.3.1 High cycle fatigue strength based on S-N data

Up to 2019, as Scalmalloy was still a new alloy, the fatigue behaviours/properties of Scalmalloy processed by
LPBF had not been well studied. There had only been a few data points from fatigue testing of LPBF
Scalmalloy (23), (91), from which S-N curves are not able to be drawn. Recent research endeavours have
focused on conducting tests by four research groups to establish a more comprehensive set of S-N data for
Scalmalloy and similar alloys. The review on this below will commence with an examination of data
originating from tests carried out at an R-value of 0.1 from four separate research groups. Subsequently, a brief

discussion will ensue regarding data obtained from tests conducted at an R-value of -1.

The first study of this series of investigations on S-N fatigue behaviour with a stress ratio (R) of 0.1 was
undertaken by He et al. (92) (Group 1). Their chosen material, Al-5024 alloy, contained a relatively lower
proportion of Sc at 0.26wt% and Zr at 0.09wt% in comparison to the composition of Scalmalloy, which
contains slightly higher Sc and Zr, as shown in Table 3.1. The fatigue specimens they have tested are in the
form of flat shapes, with the crack direction (CD) oriented parallel to the build direction (BD) during the LPBF
process. The LPBF was conducted at a significantly higher laser energy level of 178 J/mm?®. Fatigue tests have
been carried out with as-built (AB) samples, Hot Isostatic Pressing (HIP) or after two-step aging (OA2). In the
HIP treatment, 100 MPa was applied at 325 °C for 4 h. In OA2 treatment, the samples were held at 300 °C for
a duration of 5 min first and then quenched in water, followed by holding at 350 °C for 18 h. The experimental
findings of He et al. are depicted in Figure 2.23, illustrating S-N curves alongside tensile testing data. Notably,
the fatigue limit for as-built specimens has a maximum stress (omax) of 7SMPa, or a stress amplitude (c,) of
34MPa. In contrast, specimens subjected to the HIP/aging process exhibit an improved fatigue strength, with
a Omax of 105MPa (0,=47MPa). For specimens subjected to the two-step aging treatment, the fatigue strength
is equal to omax=90MPa (c.=41MPa).
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Figure 2.23. Test graphs of (a) fatigue stress-cycle tests and (b) tensile tests conducted on CD//BD flat
samples by He et al. (92) with samples in three different conditions: as-built (AB), HIP/aged and two-step
aging (OA2).
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He et al. have noted that the enhancement in fatigue strength from as-built to two-step aged and finally to
HIP/aged specimens mirrors the corresponding increase in yield strength of the LPBF alloy, transitioning from
YS=236MPa, 380MPa and 414MPa respectively, as discerned from their tensile test data, as presented in
Figure 2.23b. It has been widely reported that higher yield strength materials tend to have higher fatigue
strength because they can better resist plastic deformation under cyclic loading and fitting relation between
yield strength and fatigue strength has been found for AISI 4340 steel (Fig. 2.24) as o, = 0.22 X g, + 335
(93). However, while yield strength and fatigue strength often increase together, this is not always the case as
fatigue strength is heavily influenced by defects, inclusions, and surface roughness, which might not be

accounted for in yield strength measurements (94).
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Figure 2.24. Very high-cycle fatigue strength vs. yield strength for AISI 4340 steel (93).

It is well-known that HIP is being used to achieve high densification of LPBFed parts reducing the number of
defects in the material (95), leading to an increase in fatigue strength. Comparing the S-N curves, AB and aged
(OA2) samples have similar fatigue strength values, but HIPed samples exhibit an enhancement in fatigue
strength due to the reduced number of defects. Comparing the stress-strain curves, AB samples exhibit a
significantly lower YS compared to HIP and OA2 samples. This indicates that while both HIP and aging
increase YS, HIP also enhances fatigue strength by eliminating defects. Aging, however, is not able to alter

the defect structure significantly, and consequently, is not able to enhance fatigue strength significantly.

In the second study of fatigue life of LPBF Scalmalloy, conducted by Qin et al. (96) (Group 2), an Al-Mg-Sc-
Zr alloy with specific compositional proportions (4.74% Mg, 0.7% Sc, and 0.32% Zr) was studied. LPBF
process was conducted with the following parameters: Laser Power = 370W, scan speed = 1000 mm/s, layer
thickness = 30 pm, and hatch space = 0.12 mm, thereby an energy level is E, = 103 Jmm?®. Subsequently,
cylindrical samples are built in two distinct orientations: CD//BD and CDLBD. Samples are then aged at 325°C
for 4 hours. Their fatigue and tensile data are presented in Fig. 2.25. Their tensile data show the typical aging
response of the alloy and their fatigue data demonstrate a strong build orientation effect, with CD//BD samples
showing higher (100MPa vs. 57MPa) fatigue strength at 107 cycles than CDLBD samples. It’s worth noting
the fatigue data in Fig. 2.25 are highly scattered, with the same fatigue life having stress amplitudes differing
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by over 30% of magnitude. This reflects very high variability in material behaviour, which is not accounted
for in the original work. Discrepancies of this type can be indicative of microstructural variability or process-
introduced defects.
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Figure 2.25. (a) S—N data/curves (b) representative stress—strain curve from Qin et al. (96), where
TD=CD//BD.
Although Qin et al. did not HIP their samples, for CD//BD samples, fatigue strength (c.=100MPa) from Qin
et al. is significantly higher than that (from c.=41MPa) of the two-step aging samples from He et al. (Fig.
2.23). The reason for this difference is possibly due to the flat shape of the samples, which could lead to higher
stress concentrations and reduced resistance to fatigue. Unlike cylindrical specimens, flat samples often have
sharp edges or machined surfaces, which act as stress concentrators where fatigue cracks can initiate more
casily. It has been shown by (97) that stress concentration near notches and edges reduces fatigue strength
significantly because these locations experience localized stress peaks. Wen-Jie et al. (98) conducted the
comparison fatigue tests on samples made of low carbon steel but in different shapes — thin-plate and sandglass
shapes. It has been demonstrated that thin plate specimens have much lower fatigue strength compared to

specimens in sandglass shapes (Fig. 2.26).
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Figure 2.26. Fatigue test results for thin-plate and sandglass specimens (98).

In the second study, Qin et al. (99) (Group 2) further investigate the effect of HIP (100MPa at 325°C for 4
hours) on the fatigue strength of the CDL1BD samples. Fig. 2.27 shows their tensile and fatigue data. The
results showed that YS remains at a similar value after HT (DA) and HIP and is equal to 509.6+1.4 and
510.9+0.2, respectively. However, fatigue strength . has changed dramatically and is 99.8 MPa after HIP
compared to 57 MPa after Direct Aging. Clearly, HIP treatment has considerably increased the fatigue strength
but this increase is not because of the difference in yield strength, as the yield strength values for the HIP
samples are largely the same as the non-HIP samples. This finding is contradictory to what He et al. may have
suggested on the effect of yield strength on fatigue strength. Also, it must be noted that the data points show
significant scatter and at the same stress amplitude, different specimens fail at significantly different cycle
counts. The authors have not provided the information on defect sizes for all specimens tested, however it can

be suggested that the scatter is caused by variability in material defects.
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Figure 2.27. Mechanical properties of LPBF Scalmalloy either after aging or HIP shown in Qin et al.’s
study: (a) engineering stress-strain curves and (b) S-N curves (99).

Raab et al. (100) (Group 3 for the 3™ series of the study) studied the fatigue behaviour of Scalmalloy, containing
0.78% Sc and 0.27% Zr produced by LPBF. They investigated four different surface conditions: the as-built
state (with contour scan), as-hatched (without contour scan), chemically milled, and mechanically milled, as
shown in Figure 2.28 (a) with fatigue test results are presented in Figure 2.28 (b). All tested samples have
been heat-treated and HIPed. The HT has been conducted at a temperature of 325°C for 2 hours and HIP has

been performed at the same temperature, but under a pressure of 1000 bar, with the intent of mitigating the

potential influence of internal porosity on fatigue fracture behaviour.
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Figure 2.28. a) surface conditions of samples b) S-N-curves for all surface modifications (100).

Four surface modifications have ranked in the following order, from the lowest to the highest fatigue strength
(omax): as-hatched (AH, 85 MPa) < as-built (AB, 130 MPa) < chemically milled (CM, 170 MPa) < mechanically
milled (MM, 265 MPa). The fatigue strength value attained for HIP-conditioned samples presented in (96),
reported as 105 MPa, is in agreement with the fatigue strength value of 130 MPa for as-built samples with

contour scan reported in (100).
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Schimbéck et al. (group 4) in (101) and (102) investigated fatigue behaviour of samples produced from 4.5Mg-
0.75Sc 0.35Zr-0.45Mn aluminium alloy and printed in a vertical direction. In these studies, two melting modes
were compared — HC (heat conduction) mode and KH (keyhole/deep-penetration) mode by using two different
laser spot sizes, with: P = 370W, v, = 1000 mm/s, dy = 100 um and tp = 30 pm. After the printing process,
subsequent heat treatments for both tensile test and fatigue test samples at 325 °C/4 h without pressure (HT)
and with pressure at 200 MPa (HIP) have been performed. The results of tensile tests are illustrated in Figure
2.29. In the HT state, a discrepancy between the HC and T modes is noticeable: the HC mode exhibits slightly
higher strength but reduced ductility in comparison to the T mode. This trend persists even in the HIP-treated
specimens, wherein the HC mode specimens experience superior mechanical properties with a yield strength
of 519 MPa and an ultimate tensile strength of 524 MPa. From data presented, upper and lower yield strength
can be observed showing the transition from the elastic to the plastic regime. It has been suggested that there

is a correlation between yield-point phenomenon and grain size as it has been widely reported (103), (104).
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Figure 2.29. Tensile properties of LPBF Scalmalloy specimens with (a,c) data, (b,d) tensile curves (101).

For the high-cycle fatigue experiments, the findings are presented in Figure 2.30. S-N curves exhibit significant
scatter, especially in the T mode HIP condition, where T F3 sample possesses a notably lower fatigue limit
around 230 MPa, whereas the T F4 and the T_F3* samples under the same condition possess extremely high
fatigue strengths of 350 MPa and 340 MPa, respectively. For the HC mode, the data are not adequate to
establish a distinct fatigue limit because no samples survived the run-out. Also, HC F4 sample (HIP in the HC
mode) has failed at 2x10° cycles under 300 MPa, while the HC F5 and the HC F7 samples (also HIP in the

HC mode) have failed after approximately 2x10° cycles under lower stress levels.

42



450 i ~ 1

i t R=0.1
~.IFa'e ' ,
~ -~ |
400 + S @ JF3" I
1 MiFSIRLe i T IF6 :
T_F1 M Teen il T_F4 |
RIF7 | | Lo e e e nie- o gtk
— 350 | |
- .
& T_F2 T_F3*0—
= |
g HC _F4 I
o 300 Q I
5 |
w } ® I y . 1
é I
CF7 @ I
= 250 ° !
i ® '
C_Fé T F3 06—
= = =Benchmark Wohler :
200 Scalmalloy HC mode HT I
@ Scalmalloy HC mode HIP I
) Scalmalloy T mode HT .
@ Scalmalloy T mode HIP Run out
150 " i i : I 1 J
10° 10* 10° 10° 107 10°
Number of Cycles []

Figure 2.30. S-N plot for samples made using either HC mode or T mode and aged at 325 °C for 4 hours,
either for HT only or for HIP (101).
Thus, the non-uniform trend of S-N curves indicates that the fatigue data do not follow the normal S-N
behaviour (Fig. 1.11), where lower stress levels correspond to longer fatigue life and might be caused by the
presence of local defects. Although HC mode fatigue specimens show a comparably high amount of scatters,
it can be seen that samples produced in T mode have higher fatigue strength than those produced in HC mode.
Also, a clear statement of the effectiveness of HIP treatment compared to HT on the fatigue strength cannot be

made, as the number of specimens is not sufficient.

Table 2.4 presents a summarized compilation of fatigue data for Scalmalloy produced by LPBF at R=0.1, as
reported in various research studies reviewed in detail above. Conditions include the information on build
direction either vertical (V), where CDLBD, or horizontal (H), where CD//BD, heat treatment condition,
surface condition for research by Raab & Bambach (100), and printing mode for research by Schimbéck et al.
(101), (102). The corresponding fatigue strength is presented as strength amplitude (c.) or maximum strength
(omax) at N > 107 cycles, as different studies reported their results using one of these conventions, thus
converting either one of these ensures consistency. This summarized data provides a clear comparison of

fatigue performance across different studies on LPBFed Scalmalloy.
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Table 2.4. Summary of previous studies on fatigue behaviour of Scalmalloy (R=0.1).

Authors Conditions Ga (107),  [omax(107),
MPa MPa
He et al., 2021 (92) H & As-built (AB) 34 76
H & HIP+aged, 100MPa, 325°C-4hrs (HIP) 47 104
H & Age, 300°C-5mins+350°C-18hrs (OA2) 41 01
Qin et al., 2022,2022 (96), |V & Age, 325°C-4hrs (TD) 57 126
(99) H & Age, 325°C-4hrs (PD or DA) 101 224
V & HIP+Age, 100MPa, 325°C-4hrs (HIP) 100 222
Raab & Bambach, 'V, AH, Aged, 325°C-2hrs & 325°C-2hrs-100MPa 38 84
2023 (100) (AH)
V, AB, Aged, 325°C-2hrs & 325°C-2hrs-100MPa (59 131
(AB)
'V, Ch-M, Aged, 325°C-2hrs & 325°C-2hrs-100MPa|77 171
(CM)
V, M-M, Aged, 325°C-2hrs & 325°C-2hrs-100MPa (119 264
(MM)
Schimbéck et al., 2022, V, HC & Aged, 325°C-4hrs (HC F) -
2023 (101), (102) V, T & Aged, 325°C-4hrs (T _F) -
V, HC & HIP+aged, 200MPa, 325°C-4hrs (HC F) [90 200
V, T & HIP+aged, 200MPa, 325°C-4hrs (T _F) 162 360

From Table 2.4, it can be noticed that studies are in agreement that fatigue strength significantly increases after
HIP treatment compared to the as-built or heat-treated condition (He et al. (92) and Qin et al. (99)). However,
magnitude of fatigue strength across all studies is pronounced and may vary significantly even for the samples
with the same build directions and undergone the same treatment, for example, Gmax = 222 MPa from Qin et
al. research (99) for vertically built samples after HIP, when in Schimbaéck et al. study omax = 360 MPa (102)
for the same build direction and treatment condition. Also, there is limited data for comparison of vertical and
horizontal build directions and there is only one study comparing build direction effect (Qin et al. (96)),
however, the authors have not provided the reasonable explanation of such pronounced difference between
two build directions (omax=126 MPa for vertically built samples and oma=224 MPa for horizontally built
samples), which creates uncertainty about comparison between horizontal and vertical orientations. Although
there is a considerable variation in fatigue strength values, some studies have comparable results, such as the
fatigue strength values obtained for HIPed samples in (96), which is 105 MPa, and the fatigue strength for as-
built samples from (100), which is 130 MPa.
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Other groups of researchers reported fatigue properties for Scalmalloy at R= -1. Although fatigue test results
at R = 0.1 and R = -1 cannot be compared directly because they represent different loading conditions that
significantly affect fatigue life, crack initiation, and growth behaviour, it provides a more comprehensive
understanding of a material’s fatigue behaviour. Stress ration R = 0.1 results in a positive mean stress o,, =

OmaxtImin

and the tensile loading is predominant, while R = -1 results in a fully reversed loading with zero

mean stress. The increased mean stress at R = 0.1 reduces the fatigue life by speeding up the crack propagation,

and for R = -1 the fully reversed loading increases the fatigue strength (105).

Muhammad et al. (106) compared fatigue strength of Al alloys, including Scalmalloy, with as-built surface
and after machining (Fig. 2.31). The Scalmalloy processed using LPBF demonstrated significantly superior
fatigue resistance when compared to other alloys, regardless of whether they were in their as-built or machined
surface states. Additionally, it was observed that the fatigue stress amplitude (c.) for the machined surface
Scalmalloy was approximately three times higher than that of the as-built surface, measuring 150 MPa
compared to 50 MPa. This finding is in agreement with findings from Raab & Bambach, 2023 (100), where G,
for as-built and machined samples are 59 MPa and 119 MPa, respectively, confirming the high dependency of

fatigue strength from the surface roughness.
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Figure 2.31. S-N data of LPBF Al specimens in a) as-built and b) machined surface condition (106).

Study from Nezhadfar et al. (107) investigated the influence of build orientation on the fatigue properties of
Al alloys, including Scalmalloy (Fig. 2.32). Scalmalloy specimens have been fabricated both vertically
(CD1BD) and horizontally (CD//BD) and have been subjected to heat treatment at 325°C for a duration of 4

hours.
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Figure 2.32. Stress-life fatigue behaviour of a) vertical and b) horizontal LB-PBF Al specimens (107).

The results have revealed that Scalmalloy exhibits anisotropic behaviour in terms of fatigue strength, with both

vertical and horizontal samples showing fatigue stress amplitudes of approximately 140 MPa, which is

contradictory to what Qin et. al (96) have observed for their aged Scalmalloy samples tested at

R=0.1. Moreover, scatter in fatigue life data is a key observation in both studies, but Qin et al. study has a

much greater degree of variability in their fatigue results, with stress amplitudes varying by more than 30%

for the same fatigue life.

Schneller et al. (108) investigated the influence of different heat treatments on fatigue properties. In this study,

three groups of samples have been compared: base condition (BC) without post-process treatment, heat-treated

(HT) at 300°C for 4 hours and HIP treated (HIP) at 300°C for 4 hours at 100 MPa. The comparison can be

seen in Figure 2.33 below:
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Figure 2.33. S-N curves for Scalmalloy tested at R=-1 (108).
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It has been demonstrated that an improvement of fatigue performance by heat treatment is observed for
Scalmalloy (+245%) and an increase of fatigue strength by applying HIP treatment to Scalmalloy is 374%
compared to the base condition. The increase of fatigue strength after heat treatment or HIP is contradictory to
what He et al. (92) observed in their study, where aged and HIPed samples experience increase of fatigue

strength at 20% and 38% correspondingly.

Thus, the literature review on fatigue S-N curves for LPBFed Scalmalloy shows the significant variability in
fatigue performance across different studies, demonstrating the strong influence of different factors such as
heat treatment, build orientation, surface condition, and sample geometry. However, the high scatter in fatigue
data across studies suggests that process-induced defects and microstructural heterogeneity play a significant

role in fatigue failure.

2.3.2 Fatigue crack growth and threshold stress intensity factor

While there exists a substantial body of research showcasing S-N curves for LPBFed Scalmalloy, there is, as
far as the author is aware, only a single study by Schimback et al. (102) currently available that provides da/dN
versus AK curves. Also, it should be noted that the work of Schimback et al. was published two years after the
FCG data presented in the current thesis had been published. In the investigation conducted by Schimback et
al. (102), specimens of Scalmalloy were fabricated vertically (CDLLD) using LPBF and underwent HIP
treatment at 325 °C/ 4h / 200 MPa. Testing was conducted at R ratios of 0.1 and 0.7. The resulting da/dN

versus AK curves are presented in Figure 2.34.
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Figure 2.34. FCG data of Scalmalloy processed using LPBF (102).
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Analysing the information presented in Figure 2.34, the author derived a Paris exponent (m) of approximately
2 (from the Paris-relation, Equation 6), which remains consistent regardless of the stress ratio applied.
Additionally, the long crack threshold values for the stress intensity factor range (AKw) exhibit a strong
correlation with the applied stress ratio. Specifically, AK is equal to 2 MPavVm for R = 0.1, while AKis 0.9
MPavm for R =0.7. However, a closer look at the methodology makes these findings questionable. The authors
loaded the specimens starting from AK = 0.5MPaVm, increasing the load step-wise by an increment of 0.2
MPaVm, while FCG tests as per ASTM E 647 should be conducted at K-decreasing mode first. This procedure
starts by applying cyclic loading at a AK level equal to or greater than the AK value at the final stage of pre-
cracking. Then, as the crack size increases, the cyclic load decreases until the low crack growth rate of interest
is achieved. Once da/dN is close to 10”7 mm/cycle, K-increasing mode starts until the samples fracture. Also,
the deviation from the classic fatigue crack growth models (Fig. 1.13) is observed as Paris Law Region is not
linear for both curves with R=0.1 and R=0.7. Additionally, single data points for R = 0.1 and R = 0.7 at very

low crack growth rates must be noted, which suggest limited data availability in the threshold regime.

Also, the crack growth path and crack closure mechanisms are presented in Figure 2.35. The crack closure
effect refers to the phenomenon where the crack faces come into contact during part of the loading cycle,
reducing the effective stress intensity factor (AKes) that drives crack propagation. Crack closure is caused by
a number of mechanisms. Three are important: plasticity-induced, roughness-induced and oxide-induced
(109). The microstructural features give rise to variations in crack path, which cause increased contact between
the crack faces and hence lower the effective stress intensity at the crack tip. This mechanism is particularly
critical in the regime around the AKy, in which it can cause a drop in crack growth rate by enhancing crack
resistance against opening and growth. It has also been shown that larger grains produce a rougher crack
surface, which is conducive to crack closure, and thereby influences the effective crack propagation threshold
(109). At lower R-ratios, significant crack closure occurs, increasing AKcsr required to propagate the crack,

while higher R values (closer to 1) lead to reduced crack closure effect (110).
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Figure 2.35. Crack path in a FCG tested sample of LPBF processed Scalmalloy. a, b) low and higher
magnification SEM images and c) EBSD orientation map (102).
In the study conducted by Schimback et al. (102), the microstructure consists of fine grains, thus, the buildup
of crack closure caused by roughness is greatly reduced. This results in a lower AKy, compared to materials
with larger grains. However, coarse-grained areas play a big role in how cracks grow because they mainly
contribute to roughness-induced crack closure. Interestingly, it has been noted that the crack path includes both

coarse- and fine-grained regions without preference.

2.3.3 LPBF defects and the Kitagashi-Takahashi diagram

The fatigue behaviour was determined to be independent of the sample size but influenced by the size of
fracture-inducing defects. The fractographic analysis presented in (100) revealed that AB and AH samples
failed due to defects present on the rough, as-built, untreated surface. These defects included notches in
roughness valleys situated near particles and irregularities in the melt surface (Fig. 2.36(a)). In comparison,
CM samples primarily failed at semicircular etch pits, whereas MM samples experienced failure due to small
surface defects, such as lack-of-fusion (LOF) defects, oxide inclusions, and inconsistencies in the material and
microstructure (Fig. 2.36(b)). It has been widely reported that if defects are present in the surface and sub-
surface regions, these defects affect fatigue strength considerably more than those presented away from the

surface (42), (111).
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Figure 2.36. SEM images showing crack initiation sites for conditions: a) AB (left) and AH (right), b) MM,
¢) CM (100).
Fractographic analysis from (100) shows that AB and AH samples tend to have multiple fracture initiation
sites, while CM and MM samples typically fail due to a single defect initiating the fracture. Among CM and
MM samples, the size of these defects plays an important role in determining fatigue performance. To describe
the influence of defect size, the El-Haddad parameter is used through Murakami's Varea (square root of defect

size) parameter.

1, AK .
Jareay = = (—2-)%,  Equation 8

T Y Aoy
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where Ag,,q is the fatigue strength of defect-free and machined samples. Thus, the following approximation

relating fatigue strength to defect size was derived in (100):

Ao = 1.42(Hy+120)
W (Jarea)l/s

The El-Haddad model describes the fatigue strengths (run-outs) of all four surface states presented in the study

Equation 9

(Fig. 2.37). However, it should be noted that some data points are not close to the curve.
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Figure 2.37. Kitagawa-Takahashi diagram for samples in AB, AH, CM and MM conditions investigated in
(100).
In Qin et al. study (96), it has been shown that the fatigue properties of the AlI-Mg-Sc-Zr alloy fabricated using
LPBF exhibited anisotropy and it should be noted that nearly half of the CD//BD samples did not fit the
relationship between defect size and fatigue limit (Fig. 2.38) as predicted by the traditional Kitagawa-
Takahashi diagram that is:

AK;p, = AoF,+/mvarea, Equation 10
Where F,, is a geometric factor the value of which is dependent on the defect location (0.5 for internal, 0.65
for surface), o is the stress amplitude, and Varea is Murakami’s parameter, whose value approximates the

equivalent radius of defects (d/2) (112). This suggests that factors other than the presence of defects alone

contribute to the observed anisotropic fatigue performance.
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Figure 2.38. Stress amplitude as a function of Murakami’s parameter for LPBF Scalmalloy (96).

Figure 2.39 (96) illustrates the typical fracture surfaces for samples after cyclic loading, the fractographs have
been done for both PD (parallelly deposited, CD//BD) and TD (transversely deposited, CD_LBD) samples. The
fatigue fracture surfaces of these samples can be divided into three areas: crack initiation, crack propagation,
and fast fracture. Cracks consistently originate from the surface, specifically at irregular defects that play a
critical role in crack initiation. As shown in the analysis, these defects, highlighted in Figure 2.39b and 2.39d,
are referred to as "LOFs" (lack of fusion defects) (96). It has been noted, the defects initiating the fracture in
both TD and PD samples, experiencing similar numbers of cycles, have similar location, shape and size,
however, a difference in fatigue strength 6, for TD and PD samples is significant and equal to 36 MPa, o, for

TD sample is 94.5 MPa, while o, for PD sample is 58.5 MPa.

TD: o,=94.5 MPa
Critical defect 3 Ny= 620,556 cycles

PD: g,=585MPa |
Nfﬁ 833,043 cycles

Figure 2.39. Fracture morphologies of failed TD (a,b) and PD (c,d) AI-Mg—Sc—Zr samples (96).
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Qin et al. (96) have explained the anisotropy of their TD and PD samples as the following: the presence of
LOF (lack of fusion) defects in the vertical samples resulted in irregular shapes, with the longest axis primarily
aligned vertically to the building direction. This alignment has caused higher stress concentration and larger
defect areas in the CD//BD samples compared to the CDLBD samples. Consequently, the fatigue resistance of
the vertical samples has been significantly reduced. However, the author has not provided sufficient evidence
on the shape and the size of defects, apart from fracture surfaces presented in Figure 2.39, which is
contradictory to their suggestion as the size of defects for TD and PD samples there is comparable (Varea =

117.3 um for TD sample and Varea = 122.3 um for PD sample)

In Qin et al. work (99), the variation between defect size (d) and stress amplitude (c.) was demonstrated using
Kitagawa-Takahashi diagram of LPBFed Al-Mg—Sc—Zr alloy in Direct-Aged and HIPed conditions (Fig.
2.40). Although AKy values have not been reported, the K-T diagram remains helpful and demonstrates that

the increased fatigue limit of the HIPed samples can be explained by a decrease in defect size for those

samples.
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Figure 2.40. Kitagawa-Takahashi diagram of L-PBFed Al-Mg—Sc—Zralloy in DA and HIP conditions (99).

Schimbéck et al. (101) also investigated the fracture surface of samples after cyclic loading. In (101), the defect
area was calculated using software and fractographs (Fig. 2.41). However, these calculations appear incorrect.
Based on the scale bar in the micrographs, the actual area should be several orders of magnitude larger. This
suggests either an error in the calculations or an incorrect scale bar. Also, a very limited number of fractographs
has been presented, making it impossible to compare the defects for some samples that caused scatter of S-N
curves, such as HC F4 sample (HIP in the HC mode), that has failed at 2x10° cycles under 300 MPa, and
HC _F5 or HC F7 samples (also HIP in the HC mode), that have failed after approximately 2x10° cycles under
lower stress levels. Thus, the work appears insufficient in accurately quantifying defect sizes and providing

enough fractographic evidence, which limits the reliability of its conclusions regarding fatigue behaviour.
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Figure 2.41. Fractographs for both T and HC mode samples after cyclic loading (101).

By using the area parameter for evaluation (Fig. 2.41), it was found that the CI defects in the HC specimens
are larger than those in the T specimens. Every CI site can be categorized as either a LOF, which exhibits a
characteristic visual appearance with an irregularly shaped, smooth oxide-covered surface, or a bulky oxide
that is clearly visible due to charging effects in SEM. The correlation between fatigue limit and defect size can
be seen in the Kitagawa-Takahashi diagram (Fig. 2.42). However, the scatter in the data, combined with the
absence of cycle number (N) information, makes it challenging to draw firm conclusions from the Kitagawa—

Takahashi diagram presented in the study.
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Figure 2.42. Kitagawa-Takahashi (K-T) plot of data from two studies (101), (102).
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Based on the model, Schimbick et al. have identified two distinct regimes (Fig. 2.42). For defect sizes below
the area parameter (20um), the fatigue strength no longer increases, as the largest microstructural feature
becomes the limiting factor for fatigue strength. However, when the defect sizes surpass the area parameter,
microstructural defects, such as LOF, pores and oxide inclusions become dominant as crack initiating sites.

These defects significantly reduce the fatigue strength, consistent with the EI-Haddad model.

Summary

The fatigue strength (c,) of LPBF-processed Scalmalloy in a stress ratio of R = 0.1 varies between 34
MPa and 162 MPa, which points out the significant role of sample surface quality with respect to fatigue
performance. According to ASTM E466, fatigue testing of metallic materials requires longitudinal
polishing to a surface roughness of 0.2um or less. However, He et al. (2021) pointed out that a perfectly
smooth surface cannot be reached in the case of a flat specimen; thus, the study has limited applicability in

cases where a high-quality surface finish is essential.

Indeed, Qin et al. demonstrated a strong test direction influence with respect to build direction on the fatigue
performance. The anisotropy in fatigue resistance correlated to the presence of LOF defects, which showed
irregular shapes with the longest axis aligned predominantly in the direction perpendicular to the build
direction. This alignment leads to higher values of stress concentrations and more detrimental effect in PD
(CD//BD) built specimens, hence decreasing the fatigue limit. However, Qin et al. observed that the critical
defect size (Varea of defect) was almost the same for TD and PD specimens, respectively 117.3um and
122.3um (Fig. 2.39). This similarity suggests that their explanation of the build orientation effect is not fully

clear, as critical defect size alone cannot explain the observed variations.

Consequently, Hot Isostatic Pressing has emerged as a very important post-treatment technique to enhance
fatigue strength. Indeed, a great number of studies indicate marked enhancement in fatigue resistance after HIP
treatment. For instance, samples treated with HIP in Qin et al. revealed considerable improvement in fatigue
strength in comparison with the untreated and as-built ones. This can be explained by internal porosity
reduction and partial elimination of material inhomogeneities. Schimbéck et al. (2022, 2023) reported very
good fatigue strengths of up to 360 MPa after 3x107 cycles. This study underlines how optimization of the
process parameters may improve the quality of parts. However, their study had significant limitations as
calculations of defect area were apparently with error, which calls into question their Kitagawa-Takahashi
(KT) diagrams and interpretations related to defects. Using the scale provided on micrographs (Fig. 2.41), it
has been calculated that the actual size of the defect is much bigger compared to those presented in the study.
Additionally, they provided fatigue strength data for HIP-treated samples only, while comparative results for

as-built or heat-treated conditions are missing.
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One of the important findings from the above studies is that yield strength is not directly proportional to fatigue

strength. Whereas some post-treatments or some process adjustments could increase yield strength, the

maximum yield strength may not correspond to the maximum fatigue strength. Again, this supports the idea

of multiple factors contributing to fatigue performance, with defect size, surface quality, and microstructural

properties playing a key role.

The following gaps have been found in the reviewed literature and the following aspects must be taken into

account for further research:

Building orientation effects should be further investigated with respect to the determination of whether
anisotropic fatigue behaviour exists and why.

Defect Analysis: Accurate defect size characterization and reporting are required for the plotting of a
reliable KT diagram and accurate fatigue strength predictions.

Surface Quality Improvements: All fatigue test samples should be prepared according to the relevant

standards in order to avoid the influence of surface defects.

Research Questions

How do the various elements in the alloy behave during LPBF solidification in locations starting from
the track boundary of each track that results in the equiaxed grain formation adjacent to the boundary

and in columnar grain growth away from the boundary?

What should be the AKq, values for the LPBF alloy? How may the loading direction in combination
with build orientation affect the crack path tortuosity through the bimodal grains and the resulting AK

of the alloy in as-built and heat-treated states under tensile cyclic loading?

How do LPBF defects affect the cyclic number at failure and thus fatigues strength of the alloy under
tensile cyclic loading? How may build orientation and heat treatment, in combination with LPBF

defects, affect the fatigue strength of the alloy
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Chapter 3 — Experimental procedure

This chapter describes the details of the research methodology applied and provides an overview of the
equipment used in this study to address the research questions. It covers sample preparation procedure,

experimental procedures, microstructure measurements and analytical techniques, following this sequence:

1. Firstly, it presents the Scalmalloy powder, LPBF machine and parameters used for LPBF.

2. Subsequently, the choice of LPBF parameters and heat treatment parameters for the main chapters of
the current research has been explained based on preliminary experiments.

3. Following that, it describes the technique and procedure applied for the fatigue tests (S-N tests) and
fatigue crack growth rate experiments (FCG tests).

4. Finally, the chapter discusses the microstructure, elemental distribution and failure analysis using
SEM, EBSD and TEM.

The design of this study is presented in Figure 3.1

Microstructure and
prcipitation study

Fatigue study
1
I ]

Figure 3.1. Flow chart showing the design of the current study.
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3.1 Alloy powder, LPBF machine/parameters and heat treatment

Scalmalloy specimens were printed using a metal powder obtained from LPW Technology and, according to
their specification (Appendix A), the particle size ranges from 20 um to 63 um. The composition for the batch

of the powder sourced commercially and subsequently used in this study is listed in Table 3.1

Table 3.1. Composition of Scalmalloy powder.

Element Units Min Max Results

Al Aluminium Weight, % - Bal Bal
Mg Magnesium Weight, % 4.00 4.90 4.55
Sc Scandium Weight, % 0.60 0.80 0.65
Zr Zirconium Weight, % 0.20 0.50 0.30
Mn Manganese Weight, % 0.30 0.80 0.51
Si Silicon Weight, % - 0.40 0.16
Fe Iron Weight, % - 0.40 0.14
Zn Zinc Weight, % - 0.25 0.02
Cu Copper Weight, % - 0.10 0.01
Ti Titanium Weight, % - 0.15 <0.01
A% Vanadium Weight, % - 0.05 0.01
o Oxygen Weight, % - 0.05 0.04

All samples were produced using a 3D printer supplied by Renishaw plc, headquartered in England, UK. The
specific model used for this study is the Ren AM 400, as depicted in Figure 3.2. This printer is equipped with
a pulsed laser, capable of delivering a maximum laser power of Pmax = 400 W. The LPBF machine's build
volume measures 248 mm x 248 mm x 285 mm along the Z-axis and typically employs a default laser spot

size diameter of 6 = 70 um.
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Figure 3.2. Renishaw AM400 LPBF machine (113).

In the Renishaw AM400 machine, there is an external powder hopper with valve interlocks and this is to allow
for the additional material to be added whilst the process is running. There are also powder overflow containers
outside the chamber and isolation valves. Unused materials are sieved and reintroduced to the process via the
hopper while the system is running. As per system specification provided in the manufacturer's data sheet
(Appendix B), the recommended range of metal powders compatible with this printer includes materials such
as AlSi10Mg, CoCr, In625, In718, stainless steel 3161, Ti6Al4V. The printing process is presented in the
photos below (Fig. 3.3):

Figure 3.3. LPBF process of samples used in the current study.

The printing parameters used for preliminary experiments are presented in Table 3.2. The samples for tensile
tests had cylindrical shapes and were printed in three build directions (vertical, inclined at 45°C or horizontal)
and with base plate at either room temperature (RT) or heated at 180 °C. The following parameters were
applied to all samples: the layer thickness t = 50 pm, hatch spacing h = 50 pm and cross hatching strategy of

67° rotation.
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Table 3.2. LPBF parameters, plate thermal conditions and sample build orientation.

Power, W  Scan Speed, mm/s Energy Value, Plate temperature Build direction
J/mm?
250 1082 92.5 RT Vertical
250 540 185 RT Vertical
370 1600 92.5 RT Vertical
370 800 185 RT Vertical
250 1082 92.5 RT Inclined
250 540 185 RT Inclined
370 1600 92.5 RT Inclined
370 800 185 RT Inclined
250 1082 92.5 RT Horizontal
250 540 185 RT Horizontal
370 1600 92.5 RT Horizontal
370 800 185 RT Horizontal
250 1082 92.5 180 C° Vertical
250 540 185 180 C° Vertical
370 1600 92.5 180 C° Vertical
370 800 185 180 C° Vertical
250 1082 92.5 180 C° Inclined
250 540 185 180 C° Inclined
370 1600 92.5 180 C° Inclined
370 800 185 180 C° Inclined
250 1082 92.5 180 C° Horizontal
250 540 185 180 C° Horizontal
370 1600 92.5 180 C° Horizontal
370 800 185 180 C° Horizontal
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3.2 Preliminary experiments

For the preliminary experiments, two levels of energy density (E=92.5 J/mm?® and E=185 J/mm?®) were selected
based on the findings from the literature review. Tensile testing and microhardness measurements were then
performed to identify the optimal LPBF parameter window for Scalmalloy, processed using a Renishaw AM
400 system equipped with a pulsed laser for the main study. Following this, II step heat treatment (T6) or I
step heat treatment (T5) was carried out at different time/temperature regimes to find out the heat treatment

parameters that allow to achieve the maximum precipitation strengthening for LPBFed Scalmalloy.

3.2.1 Tensile testing

As LPBF machines used in the previous studies were equipped with a mainly continuous laser, it was examined
how Power and Scan Speed influence defect formation in samples produced using a pulsed laser system.
Tensile tests were conducted to assess which parameter combinations result in minimal defects, such as LOF
and porosity, which affect UTS, MPa and ¢, %. Tensile samples were machined from the built long samples
to gauge length section 17.9 mm and diameter 5.05 mm (Fig. 3.4) and tensile testing was conducted using a

Tinius Olsen H50KS tester. The illustration of the sample for tensile tests is presented below:
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Figure 3.4. lllustration of a tensile sample with dimensions indicated.

Based on the tensile test results (Table 3.3 and Table 3.4), the samples produced with a heated plate generally
exhibit higher yield strength (YS) and ultimate tensile strength (UTS) compared to those produced with an RT

plate, demonstrating improved strength. However, some reduction of ductility is observed for samples
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produced on the heated plate. Among the results presented in Tables 3.3 and 3.4, highlighted values in green
indicate the best balance between strength and ductility. Specifically, for the RT plate, the vertical build sample
processed at 370 W, 1600 mm/s, and 92.5 J/mm?® achieved YS of 247.5 MPa, UTS of 327.5 MPa, and 22%

strain, representing a strong correlation between strength and ductility.

Table 3.3. Tensile test results for the build produced with RT plate.

Power, W Scan Speed, EnergyValue, Build direction YS, UTS, g, %
mm/s J/mm? MPA MPa

250 1082 92.5 Vertical 235 287.5 4.8
250 540 185 Vertical 177 255 21.7
370 1600 92.5 Vertical 247.5 327.5 22
370 800 185 Vertical 230 292.5 22
250 1082 92.5 Inclined 257.5 342.5 18
250 540 185 Inclined 255 337.5 24.1
370 1600 92.5 Inclined 227 307.5 143
370 800 185 Inclined 265 345 20.6
250 1082 92.5 Horizontal 265 337.5 15.4
250 540 185 Horizontal 251 316 17.4
370 1600 92.5 Horizontal 261 327.5 20.6
370 800 185 Horizontal 247.5 310 28.6

For the heated plate, the best combination of strength and strain was observed at 370 W, 1600 mm/s, and 92.5
J/mm?, achieving YS of 271 MPa, UTS of 322 MPa, and 20.5% strain for horizontal build, Y'S of 297 MPa,
UTS of 329 MPa, and 7% strain for inclined build and YS of 284 MPa, UTS of 313 MPa, and 7.5% for
vertically built sample. It can be noticed that the average strain is lower for the samples produced with a heated
plate. The difference between builds produced on RT plate and 180°C is from 35% to 75% depending on the
build direction, however, YS and UTS are both higher for the samples built on the heated plate.
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Table 3.4. Tensile test results for build produced with heated plate.

Power, W  Scan Speed,  Energy Value, Build direction YS, UTS, €, %
mm/s J/mm? MPA MPa

250 1082 92.5 Vertical 262 290 5.2
250 540 185 Vertical 329 335 2.8
370 1600 92.5 Vertical 284 313 7.5
370 800 185 Vertical 314 338 9.5
250 1082 92.5 Inclined 259 289 24
250 540 185 Inclined 310 324 2.6
370 1600 92.5 Inclined 297 329 7
370 800 185 Inclined 298 332 7.1
250 1082 92.5 Horizontal 292 315 12.2
250 540 185 Horizontal 320 340 10.3
370 1600 92.5 Horizontal 271 322 20.5
370 800 185 Horizontal 300 323 10.5

To investigate the reason for low values of elongation to failure for samples produced on the heated plate,
fracture surface analysis has been done for all the samples after tensile testing. A great amount of LOF can be
observed on the fracture surface for the build produced with the temperature of 180°C that caused extremely
low strain values for this build. To illustrate the correlation of strain values and the amount of unmelted powder
on the surface, three stress-strain curves for the RT plate and heated plate builds (with lowest, medium and

highest €, %) are shown together with the corresponding fracture surface SEM images.
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Figure 3.6. Stress-strain curves for samples produced with heated plate.

As evident from Figures 3.5, 3.6, low strain values correspond to the fractographs with a large amount of LOF.
This trend suggests that incomplete melting and bonding between powder particles may have contributed to
reduced ductility in these samples. However, for samples produced with the heated plate, the unmelted powder
can be observed even in the sample with the highest strain equal to 20%. This indicates that some regions
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within the material of samples produced with heated plate may experience inadequate melting, leading to the
formation of LOF defects. Thus, after tensile tests, the best scanning strategy has been identified as: Laser
Power (P) =370 W, scan speed (v) = 1600 mm/s and these correspond to energy level (E)=92.5 J/mm?. These
parameters were identified as the parameters leading to the minimum number of microstructural defects and
subsequently leading to good mechanical properties. Moreover, optical images of the scan tracks (Fig. 4.1)
revealed that sufficient track overlapping was achieved, confirming that the parameters chosen are optimal.

However, the formation of certain defects was observed to occur in an uncontrolled manner.

3.2.2 Heat treatment and microhardness measurements

The aim of this section was to evaluate whether a two-step (T6) heat treatment is required or whether one-step
(T5) heat treatment is sufficient for precipitation hardening, as the current literature has not provided
reasonable evidence that it is unnecessary to conduct the solutionizing step of heat treatment for precipitation
hardening. The selected heat treatment processes involved both one-step (T5) and two-step (T6) heat
treatments, each performed at different temperatures and durations. The one-step heat treatment, referred to as
T5 in this study, involves directly aging the LPBFed samples— at temperatures from 325°C to 360°C during
from 1 hour to 8 hours—without performing any prior solution treatment. The two-step heat treatment, referred
to T6 in this study, includes an initial solution treatment at 540°C, followed by water quenching, and then a
secondary aging step at a lower temperature. The difference between TS and T6 is that T6 involves solution
treatment before aging, while TS5 skips this first step and applies aging directly to the as-built material. The

detailed parameters of heat treatment regimes for preliminary study of this research are provided below:

1) [Istep heat treatment (T5) - 325°C, 1 hour

2) [Istep heat treatment (T5) - 325°C, 2 hours

3) Istep heat treatment (T5) - 325°C, 4 hours

4) 1 step heat treatment (T5) - 325°C, 8 hours

5) Istep heat treatment (T5) - 360°C, 1 hour

6) I step heat treatment (T5) - 360°C, 2 hours

7) I step heat treatment (T5) - 360°C, 4 hours

8) I step heat treatment (T6) - 540°C, 1 hour + 325°C, 1 hour
9) II step heat treatment (T6) - 540°C, 1 hour + 325°C, 2 hours
10) II step heat treatment (T6) - 540°C, 1 hour + 325°C, 4 hours
11) II step heat treatment (T6) - 540°C, 1 hour + 325°C, 8 hours
12) 11 step heat treatment (T6) - 540°C, 1 hour + 360°C, 1 hour
13) II step heat treatment (T6) - 540°C, 1 hour + 360°C, 2 hours
14) 11 step heat treatment (T6) - 540°C, 1 hour + 360°C, 4 hours

The furnace being used is the McGregor laboratory muffle furnace, which is presented in the photo below

(Figure 3.7.a). For precise temperature control, the k-type thermocouple has been used (Fig. 3.7.b)
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a) b)

Figure 3.7. a) McGregor Furnace used for heat treatment of samples in the current study and b) k-type
thermocouple.
For precise temperature control, PicoLog 6 data logging software was used. An example of temperature
recording is provided below (Fig. 3.8). The furnace was heated up to 540°C first. After the sample insertion,
some temperature fall was observed and then increased back to 540°C. After one hour holding time at 540°C,

sample has been removed (Fig. 3.8.a). Similar data recording for aging treatment at 325°C is presented as well
(Fig.3.8.b)
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Figure 3.8. Data logging during heat treatment using PicoLog software for a) solutionizing at 540°C for 1 b)
aging at 325°C for 4h.

Microhardness tests were used to compare microhardness among the samples subjected to different heat

treatments, either one-step (T5) or two-step (T6). The measurements were conducted using a Leco

Microhardness Tester (LM800AT) with a 300g loading for 10s, for each sample, 5 measurements were made

and the average of them was used as the result. The results of microhardness measurements plotted as a

function of aging time are presented below in Figure 3.9.
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Figure 3.9. Microhardness test results of heat-treated samples plotted as a function of aging time for as-built
samples and samples after high temperature holding.
The microhardness test results showed that samples after T6 with aging at 325°C or 360°C, both result in
significantly lower microhardness values, with no clear indication of peak hardening. T5 treatment at 325°C
demonstrates the highest microhardness values, peaking after 4 hours of aging, making it the most effective in
achieving maximum hardening compared to other treatments. As for T5 treatment at 360°C, it can be noticed
that, while this treatment shows initial hardening, the microhardness values are slightly lower and stabilize
earlier, suggesting high chances of overaging compared to the 325°C regime. Thus, the one-step heat treatment
(TS) at 325°C for 4 hours is the optimal heat treatment regime, achieving the highest microhardness and peak
hardening. It can be suggested that the fast cooling during LPBF has resulted in Sc/Zr likely remaining in the

solution, thereby enabling subsequent precipitation hardening during TS5 heat treatment.
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3.2.3 Results and selected samples parameters for the current research

Based on the analysis of the provided data, the most appropriate printing regime is achieved with a power of
370 W and a scan speed of 1600 mm/s, as this combination delivers an optimal balance between yield strength
(YS), Ultimate Tensile Strength (UTS) and elongation (E). Specifically, this regime results in YS of 247.5
MPa and elongation of 22%, which represents one of the highest combinations of these properties. In contrast,
other parameter combinations generally show a trade-off, with either a drop in elongation or yield strength.
Notably, elongation and UTS are highly sensitive to defects in the printed samples. The superior UTS and
elongation values under the optimal regime suggest that these samples have fewer defects compared to those
printed with other parameter combinations, indicating better material quality and process consistency. These
specific printing parameters result in pulsing laser, P/v <0.23 ] mm, which was previously low but is nowadays
common, and is a suitable LPBF condition for minimal LOF keyhole pore formation. Thus, these printing
parameters are utilized for all samples used in the current study. For heat treatment, the most appropriate
regime to be found is one-step heat treatment (T5) at 325°C for 4h. Thus, in this study, all fatigue samples,
both FCG and S-N, subjected to heat treatment underwent one-step aging at these parameters, and are marked
as heat-treated (HT). As-built and T5 samples were used for the microstructural and precipitation study. Table
3.5 below provides detailed information on printing and heat treatment parameters for samples investigated in

Chapter 4.

Table 3.5. Printing and heat treatment parameters for samples for microstructural and precipitation study.

Power, W Scan EnergyValue, Build Building Heat treatment condition
Speed, J/mm3 direction plate
mm/s temperature
370 1600 92.5 Vertical RT As-built
370 1600 92.5 Vertical RT T5 - Aging at 325°C for 4h

For fatigue crack growth tests in Chapter 5 (Table 3.6) as per ASTM E647, there are four sample conditions
depending on whether the base plate was heated and whether the sample was heat treated and they are: as-built
using room temperature (RT) plate (ASrr), as-built using heated plate (ASy), built using RT plate and heat-
treated (HTrt), and built using heated plate and heat-treated (HTw). Heat treatment was conducted using one-
stage aging at 325 °C for 4hrs. Additionally, three build directions were tested: crack direction normal to build
direction (CDLBD), crack direction parallel to build direction (CD//BD) and crack direction at 45° to build
direction (£CD,BD=45°).
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Table 3.6. Parameters for LPBF and treatment conditions of FCG test samples.

Power, W | Scan Speed, | EnergyValue, | Build direction | Building plate Heat Sample
mm/s J/mm? temperature treatment identification
condition
370 1600 92.5 CD//BD RT AB (CD-
BD)P+ASRT
370 1600 92.5 CD1BD RT AB (CD-
BD)nt+ASgT
370 1600 92.5 £CD,BD=45° RT AB (CD-
BD)4s+ASrt
370 1600 92.5 CD//BD 180 AB (CD-
BD)p+ASH
370 1600 92.5 CD.1BD 180 AB (CD-
BD)nt+ASH
370 1600 92.5 £CD,BD=45° 180 AB (CD-
BD)45+ASH
370 1600 92.5 CD//BD RT HT (CD-
BD)p+HTrr
370 1600 92.5 £CD,BD=45° RT HT (CD-
BD)4stHTrr
370 1600 92.5 CD//BD 180 HT (CD-
BD)p+HTH
370 1600 92.5 £CD,BD=45° 180 HT (CD-
BD)4s+HTwy

For S-N fatigue tests in Chapter 5 (Table 3.7), to investigate orientational effect on fatigue properties, samples

were printed in two build directions, with a crack direction normal to the build direction (CDLBD) and a crack

direction parallel to the build direction (CD//BD). Also, to study the effect of heat treatment, TS (325°C, 4h)

has been performed for comparison with non-heat treated (as-built samples). Thus, 4 groups of samples were

tested: (CDLBD)-AB, (CDLBD)-HT, (CD//BD)-AB, (CD//BD)-HT.
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Table 3.7. Parameters for LPBF and treatment conditions of fatigue test samples.

Power, W Scan Speed, EnergyValue, Build direction Building Heat
mm/s J/mm? plate treatment
temperature condition
370 1600 92.5 CD//BD RT AB
370 1600 92.5 CD1BD RT AB
370 1600 92.5 CD//BD RT HT
370 1600 92.5 CD1BD RT HT

3.3 Fatigue life and crack growth testing procedures

3.3.1 MTS Fatigue machine

Fatigue crack growth tests (ASTM E647) and constant amplitude axial fatigue tests (ASTM E467) were
conducted using MTS Landmark Servohydraulic system (Fig. 3.10). MTS Multipurpose Elite software and an
Epsilon COD gage were employed for fatigue crack size monitoring (FCG tests), cycle number (S-N tests) and

recording the test results. Additionally, the software is equipped with the templates for the corresponding tests.

Figure 3.10. Landmark® Servohydraulic Test Systems.
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3.3.2 Fatigue tests according to ASTM E466

For S-N tests, cylindrical samples were printed using the Renishaw AM400 machine and the parameters listed
in Table 3.7. After the printing process, half of the samples were heat-treated at 325°C for 4h, then all samples
were machined to the dimensions indicated on the drawing from Figure 3.11. To achieve the required surface
roughness of the samples, after machining, at the test section of the sample, 0.1 mm of gauge diameter was
removed by manual cylindrical grinding. After grinding, the final 0.025 mm of gauge diameter by manual

longitudinal polishing was removed to impart a maximum surface roughness of 0.2-pm Ra in the longitudinal

direction (refer to X1.2.3 in ASTM E466-15).

(Test Section)

$12.50

1 X 45°— | ) —1 X 45°

Figure 3.11. Fatigue samples dimensions after machining.

Fatigue tests were conducted using the following parameters: R (stress ratio) = 0.1, f (frequency) = 20 Hz, the
maximum stress omax varied between 90 MPa and 320 MPa. The number of cycles to failure (N) was recorded
for each sample with the corresponding omax, together generating the points on S-N curve. Post-failure analysis
was conducted using scanning electron microscope (SEM) to characterize the fracture surfaces and identify
dominant defects affecting fatigue life. Defect analysis was performed on all tested samples, to evaluate their
impact on fatigue life. The following parameters were recorded during the fatigue testing: defect size (Va),
measured using ImagelJ software; defect location, categorized as either surface or subsurface relative to the
fracture initiation sites; applied stress (omax, MPa), corresponding to the stress level at which fatigue failure

occurred; and the number of cycles to failure (N), as captured during the fatigue tests. An example of defect

area measurement is provided below in Figure 3.12.
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Figure 3.12. The defect measurement procedure on the fracture surface of sample CD//BD-AB-4 using
ImageJ software.

3.3.3 Fatigue tests according to ASTM E647

For FCQG tests, plate samples 39 mm x 37 mm x 6 mm in dimension were printed using a Renishaw AM400
machine (Fig. 3.13(a)). The printing parameters are described in Table 3.6. The plate samples were then
machined into FCG compact tension (CT) samples. The CT sample size is slightly smaller than the originally
built sample size and the dimension of a sample is shown in Fig. 3.13(b), in accordance with ASTM standard
E647. As illustrated in Fig. 3.13(b), the orientation of the notch (same as crack direction, CD) can be parallel
to build direction (BD), thus (CD-BD)p, or normal to BD, thus (CD-BD)x. Additionally, samples were also
built with the plate at 45° to BD, (CD-BD)us, as is also shown in Fig. 3.13(b).
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Figure 3.13. a) Samples printed for FCG tests in as-built state (before machining), b) FCG samples after
machining with crack growth direction and build direction indicated. Sample dimensions: 31.3 mm x 30.0
mm x 6.0 mm.

An MTS Landmark Servo hydraulic system was used for conducting the FCG tests with load frequency set at
20Hz and R = 0.1. MTS Multipurpose Elite software and an Epsilon Crack Opening Displacement (COD) gage
(Fig. 3.14) were used for crack size monitoring using the compliance method. A clevis and pin assembly were
used to hold the CT specimen onto the FCG grip. A clip gage was placed at the mouth-end of CT sample and

used to measure vertical mouth opening displacement of CT sample. The clip gage was produced by Epsilon

Tech. Corp. and satisfies all requirements of ASTM E647 standard.

1

Figure 3.14. Epsilon COD gage used for FCG tests.

The AK value was calculated during testing by the MTS software based on the AK=f (AF,B,W,a) equation for
CT samples specified in ASTM E647, where F, B, W, a is the applied load, sample thickness, sample width,
and crack size, respectively. A 1mm pre-crack was initiated following the ASTM standard before the beginning
of FCG test. K-decreasing started at 3.1MPa m'? with the normalized K-gradient C=-0.12mm™ and K-

increasing also beginning at 3.1MPa m'?. Figure 3.15 illustrates an example of maximum and minimum load
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values and crack size values recorded in a test. In the K-decreasing stage, as the test proceeded and AK
decreased to a low-value region, the load value signals tended to be noisier. The load value noise is reflected
in the AK values calculated and recorded by the software. In the K-increasing state, when the crack size
increased to just under 18mm, the crack propagated increasingly fast and pre-set load values could no longer

be maintained, leading R to start increasing rapidly. The AK and da/dN values for average R > 0.12 are not

used.
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Figure 3.15. An example (for a (CD//BD) sample) of force and crack length data recorded during an FCG
test: (a) and (b) maximum and minimum load, (c) and (d) crack length recorded for K-decreasing and K-
increasing stage, respectively.

To compare the fatigue crack growth behaviour and resistance of different samples under similar conditions,
the data from each test were averaged and smoothed to generate a curve. The smoothing process is depicted in
Figure 3.16, where averaged points (indicated by circles) are used to draw a smooth curve that traces these
points. This smoothed curve represents the FCG curve for the test. As illustrated in Figure 5.1, such a curve

effectively reflects the original da/dN versus AK data.
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Figure 3.16. Recorded crack growth rate values versus recorded stress intensity factor values plotted
together with the traced/smoothed data and smoothed curve (FCG curve) based on the recorded data for a
(CD-BD)p+ASrr sample.

To characterize the fatigue crack growth behaviour, the Paris law was used (Equation 6). The first step in
identifying the Paris law parameters was the determination of the linear region of the da/dN versus AK curve,
which is known to represent the Paris regime. The linear region was found according to the experimental data
to be consistently within the range between AK=2 MPaVm and AK=5 MPa\m for all tested specimens (dashed
lines in Figure 3.16). To determine the Paris parameters C and m, two data points of the smoothed curve were
selected from Excel file (Figure 3.17) within the identified linear region. For each of these points, the
corresponding values of da/dN and AK were extracted from the Excel file. Using the values from two selected
points in the Paris equation resulted in a system of two equations with two unknowns. This system was then
solved to obtain the values of the Paris law parameters. The example of Paris parameters determination for

sample (CD-BD)p+ASgr is provided below (Figure 3.17).
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Figure 3.17. Excel data for smoothed da/dN versus AK curve for sample (CD-BD)p+ASrr.

From the Excel file of the smoothed curve (Figure 3.17), the border lines were identified for the linear region
of the curve, which are AK=2MPaVm and AK=5MPaVm (marked in yellow). Data points selected are marked
in green. Data point 1: AK= 2.9894 MPaVm and da/dN=9.27x10° mm/cycle. Data point 2: AK= 4,7318
MPaVm and da/dN=3.71x 105 mm/ cycle. Using the Paris Law, the following system of two equations with two

unknowns was obtained:

9.27 X 107% = ¢ x 2.9894™

3.71 x 107° = ¢ X 4.7318™

0.2499 = 0.631768™

[n0.2499 = m X [n0.631768

77



In0.2499 _ —1.3867
In0.631768  —0.4592

The Parameter m was found as: m = = 3.02. Then, the equation for the first data point

9.27x107% _ 9.27x107°

_ -7
29894302~ 273 3.4x10

was solved for c: ¢ =

3.3.4 Interrupted tests

The FCG interrupted tests were carried out using the K-decreasing test technique under constant load fatigue
loading control mode. After completing the pre-crack process, crack growth was initiated at a specific AK
value and stopped at another specific AK value - well below the fracture toughness (Kc) threshold - to ensure
the CT specimen remained intact. Figure 3.18 shows a schematic representation of the CT sample after
interrupted FCG test, with the corresponding da/dN vs AK curve. The test was set up to interrupt at a crack
length of 10.5 mm. The primary purpose of this interrupted test was to analyze and study the crack growth
pathway. Detailed examination of crack propagation through the material's microstructure was performed

using SEM and EBSD analysis.
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Figure 3.18. Schematic representation of CT sample after interrupted FCG test with the corresponding
da/dN vs AK curve.
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3.4 Microstructure, elemental distribution and failure analysis

3.4.1 Sample preparation

For microstructural examination and microhardness testing, samples were first prepared following the normal
metallographic procedure. First, a Stuers Labotom-3 cutter was used to section the samples. After, the
specimens were hot mounted with PolyFast in a Struers Labo-Press 3 at 150°C under a pressure of 25 kN.
Each sample was then ground using Struers silicon carbide grinding papers with mesh sizes of 180, 500, 1200
and 2400 pm on a Buehler MetaServ rotary grinding machine. Following grinding, the samples were polished
with Struers diamond paste on 6 pm MD-Dac fabric. Final polishing included 2 steps and was performed on a
Struers TegraPol-25 automatic polisher. The first step was performed using a 3 um diamond suspension on
MD-ol fabric for 3 minutes. The second step was performed using a 0.04 um colloidal silica suspension on
MD-Chem fabric for 1 minute. Cleaning was done between each polishing step using ethanol. For etching, the

Keller’s solution, containing 2.5% HNOs, 1.5% HCI, 1% HF, with the balance being distilled water, was used.

3.4.2 Optical microscope

Olympus BX51M was used to observe the microstructure of the samples. Images were captured and
ScopePhoto system was then used to record the micrographs. Micrographs were taken at magnifications of x5,

x10, x20 and x50. The optical microscope and optical micrographs are presented in Figure 3.19.

a) b) ©)

Figure 3.19. a), b) Optical microscope Olympus BX51M, c) optical micrograph of LPBFed Scalmalloy, X5.
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3.4.3 SEM and EBSD

Hitachi SU-70 field emission scanning electron microscope (SEM) has been used in the current study. An
SEM is an electron microscope that creates an image of a sample by emitting a beam of high-energy electrons.
The electrons collide with the atoms in the sample to generate signals encoding information about the surface
topography, composition, as well as other properties of the sample including electrical conductivity. The ultra-
high-resolution imaging (1.0nm/15kV; 1.6nm/1kV) and up to 800,000-fold magnification of such a SEM is
offered in the Hitachi SU-70 field emission scanning electron microscope. It is equipped with Energy-
Dispersive X-ray (EDX) and Electron Backscatter Diffraction (EBSD) detectors from Thermo Scientific™
(Fig. 3.20).

Figure 3.20. JEOL JSM FEG-SEM.

A 15-kV accelerated voltage setting is used in the current study to observe the microstructure and capture
images of cross sections of Scalmalloy samples and the fractured FCG and S-N samples. An example of an

SEM image for as-built cross section of Scalmalloy samples taken using SEM is presented below (Fig. 3.21).

80



15.7mm x450 SE(M) 100um

Voltage Working Magnification
distance

Figure 3.21. An example of an SEM image for as-built cross section of Scalmalloy obtained on Hitachi SU-
70 SEM.
After FCG tests, metallographic examinations were conducted on the samples using a Hitachi SU-70 SEM
equipped with electron backscatter diffraction (EBSD) capability. EBSD is utilized to collect the sample’s
crystallographic information while it is inside the SEM machine. The phosphor screen placed in an EBSD
detector records a pattern produced by incident electrons from the electron-beam that collide and backscatter
elastically from atomic planes of a crystal grain. The pattern (referred to as EBSD pattern) includes Kikuchi
bands, through which crystal orientation is identified. The crystal orientation data is automatically detected
and acquired through utilizing Thermo Scientific's NSS Spectral Imaging Software. An example of an EBSD
crystal orientation map for sample (CD-BD)4s+ABrr after FCG interrupted test provided by the EBSD system

is shown in Figure 3.22.
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Figure 3.22. EBSD crystal orientation map (right) for (CD-BD)s+ABrr sample after FCG interrupted test.
Note: the color keys “Unacquired” and “Low Quality” appear as part of the EBSD software default scale
but are not relevant here.

Additional SEM micrographs in this thesis were provided courtesy of Professor Teresa Guraya, Department

of Mining and Metallurgical Engineering and Material Science, University of the Basque Country, Bilbao,

Spain. The samples were examined using a JEOL JSM 7000F field-emission-gun scanning electron
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microscope with an accelerating voltage of 5 kV, providing high-resolution observation of the microstructures.

An example of SEM micrographs obtained through JEOL JSM 7000F is provided below (Fig. 3.23).

Transition area from columnar
to equiaxed grain region. .

o,

Columnar grain region

UPV/EHU COMPO 50kV 1,000 10um WD 9.9mm

Figure 3.23. An example of an SEM image for heat-treated cross section of Scalmalloy obtained on JEOL
JSM 7000F SEM.

3.4.4 TEM (EDS and diffraction)

TEM (Transmission Electron Microscopy) analysis was conducted by the courtesy of Professor Teresa Guraya
from the Department of Mining and Metallurgical Engineering and Material Science in the University of the
Basque Country, Bilbao, Spain. Lamellae 50-70nm in thickness were prepared in selected locations via
standard lift-out protocol, using a Dual beam Helios 650 model, which consists of a 30kV field-emission
scanning electron column with 0.9nm resolution and a 30kV Ga Focused lon Beam (FIB). The location of a
lamella can be taken in equiaxed and columnar grain regions or in an equiaxed-columnar boundary region.
Figure 3.24 is an example showing a lamella being taken out from a columnar grain region. The lamellae were
analysed using Talos F200i field emission gun transmission electron microscope (FEG-TEM) equipped with

a Bruker X-Flash100 XEDS spectrometer.
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(a) (b)

Figure 3.24. lllustration of a TEM lamellae being taken: (a) FEG-SEM micrograph showing an equiaxed
grain region on top of a columnar grain region with the lamella to be taken in the columnar grain region
indicated by the green rectangular, and (b) the material in the front part having been taken out by FIB with
material behind to be further taken out to form a lamella.

An example of TEM images of the equiaxed region in as-built sample is provided below in Figure 3.25. All
TEM images of as-built, T6, TS and samples after solutionizing only for three regions — columnar, equiaxed

and transition (indicated in white in Figure 3.23) — are presented in Appendix C.

Figure 3.25. TEM image for equiaxed grain region of LPBFed Scalmalloy.

Elemental maps were performed by X-ray energy-dispersive spectroscopy (XEDS) in the STEM mode under
high annular dark field (HAADF) detector for Z contrast imaging in STEM conditions, with a camera length
of 200mm using a pixel size of 2nm, a dwell time of 900s and an image size of 512x512 pixels. Moreover,
EDX microanalyses were carried out using a probe current of 800pA and a semi-convergence angle of 6 mrad.
Velox software was used for the compositional map acquisition and processing. In elemental mapping using
XEDS, an electron beam is two-dimensionally scanned over a specimen area and the characteristic X-ray

spectra generated by the electron beam are acquired pixel by pixel. From those spectra, the X-ray intensities
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or the calculated concentrations of the target elements are displayed pixel by pixel, to create an elemental map.
An example of TEM and corresponding elemental maps of equiaxed grain region for T6 sample with the

analysis is provided below in Figure 3.26.

LI nm

TEM Al
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Figure 3.26. TEM and elemental maps of equiaxed grain region for T6 sample.

The Al-depleted region observed in the Al map corresponds to bright particles in the TEM image that is rich
in Mn and Fe, as indicated in the respective elemental maps, suggesting the formation of a Mn-Fe-rich particle.
The Sc and Zr maps reveal the presence of relatively large particles, approximately 100 nm in size, that are
enriched with these elements, likely corresponding to primary Sc- and Zr-containing precipitates. The Mg map
shows that magnesium is mainly distributed uniformly in the solid solution, however, some areas enriched
with magnesium and correlating with the spots on the Si map are observed, suggesting the presence of Mg2Si

particles.

Selected area diffraction patterns (SADP), a crystallographic experimental technique that is performed by
using a transmission electron microscope, were obtained for as-built samples and samples after TS5 and T6 to
identify the superlattice structure that confirms the presence of Al3(Sc,Zr) particles. In the current study, the

superlattice structure was captured in T6 sample only (after II-step heat treatment). In the SAED pattern, each
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obtained spot corresponds to a satisfied diffraction condition. An example of SADP for samples after T6 is

presented below in Figure 3.27.

Figure 3.27. TEM image (a) and SADP (b) of the particle observed in the equiaxed region of sample after
T6.
To determine the Miller indices (h, k, 1) for the diffraction spots in the diffraction pattern, the following steps

were completed:

1. Identifying the Zone Axis. The diffraction pattern represents a projection of reciprocal lattice points along
a specific zone axis. The centre of the pattern corresponds to the transmitted beam (direct beam), which is a
000 reflection. The symmetry of the pattern helps determine the zone axis. Common zone axes for FCC

materials include [110], [101], [011].

2. Measurements of the Interplanar Spacings. The reciprocal space distance of each spot from the centre is

proportional to di, where dp; is the interplanar spacing for a given Miller index. Using the scale bar provided
hkl

on SADP, the distances of the spots from the center were measured. After, Bragg’s Law has been used:

p AL
hkl =g
Where A is the electron wavelength, L is the camera length, R is the measured radius from the centre spot to a

diffraction peak.

3. Identifying the Lattice Type. If the material is FCC (as in aluminum-based alloys), only reflections where
h, k, 1 are all even or all odd are allowed. If additional weaker reflections appear at forbidden positions (e.g.

(100), (110)), they indicate a superlattice structure, such as Al3(Sc,Zr), with an L1, ordering).

4. Indices identification based on their relative spacing. The smallest radius spots correspond to (100) or (110)
for an ordered phase. The second set typically corresponds to (200) or (220). Higher order reflections (e.g.,
(300), (310), (222)) appear at larger distances. An example of SADP from Figure 3.27 with indices assigned
is provided below in Figure 3.28.
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Figure 3.28. An example of SADP from Figure 3.27 with indices assigned.
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Chapter 4 - Mechanism of bimodal grain formation

This chapter begins by presenting the generally known track appearance and the bimodal grain structure of the
alloy in as-built state. Our observations on intermetallic particles that distribute differently in equiaxed grains
and in columnar grains in as-built state will then be detailed. This is followed by presenting the determined
elemental distributions that also differ in the different grain regions. Solidification path, segregation and
whether particles may form in a region of the track are then considered, based on the equilibrium phase diagram
and non-equilibrium phase diagrams and on location specific LPBF thermal conditions. These thus explain
why bimodal grain structure forms during LPBF of the alloy. Analysis of aged samples will be shown to
support the reasons for segregation patterns and particle distributions found in the as-built state. Finally, the

identified mechanism of bimodal grain formation will be summarised.

4.1 Microstructures in as-built state

4.1.1 Track appearance, equiaxed grains and columnar grains

The optical microscopy images of the cross-sections of the melt pools are presented in Fig. 4.1. This clearly
shows a pattern of stacked “weld” tracks, caused by the printing pattern (Fig. 1.3) that was followed during
the LPBF process. As seen on the micrograph, the average hatch spacing is 70 pum, slightly higher than the
hatch spacing used in LPBF experimental setup as it depends on the cross-sectioning angle—cutting at an
angle other than 90° to the build direction can artificially increase the measured hatch spacing. The last layer,
n layer, which includes the top surface, is approximately 112 um. The previous layer, n — 1 layer, has
thickness of 35 um, which is close to the layer thickness used in LPPBF experimental setup. However, tracks
are not consistent in depth and height due to the use of pulsed laser and 67° rotation during the LPBF and thus,
layer thickness cannot be read directly from the micrographs because of the combined effects of pulsed energy

input and rotated scan vectors lead to extensive remelting and overlapping of melt pools across layers.

Figure 4.1. Optical micrographs of an as-built sample with various features indicated a) x10, b) x50.

88



Examination of sample cross sections has revealed that LPBFed Scalmalloy samples have microstructure
defects of pores up to 50 um in diameter between the layers, these pores are marked with arrows in Figure 4.1
(a). Despite the tracks being well overlapped, these defects are identified as LOF. The presence of small LOF
pores, in size of around 10- 15 um, can hardly be detected (marked in dash oval in Figure 4.1 (a)), although
the large LOF in size of around 50-100 um are more common. It must be noted that, due to the nature of LPBF
process (layer-by-layer melting), LOF is a very common type of defects and has been widely observed in the

literature (102), (114) and it has not been reported LOF-free microstructure in samples produced by LPBF.

Grains can be shown clearly in higher magnification micrographs taken using SEM, shown in Fig. 4.2. SEM
analysis showed that equiaxed grain region is around 10 um wide with the grain size from 0,5um to 1um.
Columnar grain size varies much more and is from 3 to 15um. These observations have been later confirmed
through TEM analysis, as presented in Figure 4.4, which provides a more detailed resolution of grain
boundaries that is not clearly visible in the SEM images. (Fig. 4.2). Additional SEM micrographs for

Scalmalloy samples in as-built, TS, T6 and after solutionizing only are presented in Appendix B.

. . . ? v . h o 1
UPV/EHU COMPO  5.0kY  X1,000 10um WD 10.1mm UPW/EHU COMPQO  50kY  X2,500 10um WD 10.1mm

b)

Figure 4.2. SEM image of XZ-plane obtained from as-built sample obtained on a) Hitachi SU-70 SEM, b)
JEOL JSM 7000F SEM.
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The experimental observations presented align with the literature review on Scalmalloy and its processing
characteristics. The literature review demonstrates that Scalmalloy has a bimodal microstructure consisting of
fine equiaxed grains and coarse columnar grains. This aligns with the experimental findings in the present
study that confirm a similar bimodal microstructure in the as-built samples. Also, the literature review
describes the expected microstructural features: fine, equiaxed grains at the base of melt pools and coarse,
columnar grains growing in the direction of heat flow. The experimental results demonstrate this, as the optical
and SEM images show a clear difference between the fine grain region (0.5 to 1 pm) and the coarse columnar
grains (3 to 15 pm). Thus, the experimental results confirm the representation of Scalmalloy’s microstructure

observed in the literature.

4.1.2 Distribution of intermetallic particles

In this study, three different regions in the Scalmalloy microstructure have been investigated: the equiaxed
grain region (zone 1), the transition area from equiaxed grain region to columnar grain region (zone 2) and the
columnar grain region (zone 3), as illustrated in Figure 4.3. These zones have been investigated using
Transmission Electron Microscopy (TEM), and TEM images are presented in Figure 4.4. The lamellae have
been extracted at 90 degrees to the LPBF building direction (xy plane), as indicated by the red marking in
Figure 4.3. with the view direction indicated by the red arrows, which aligns with the positions and orientations

in Figure 3.23.

Columnar grains

Equiaxed grains

Figure 4.3. Schematic representation of areas chosen for investigation.
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200 nm

Figure 4.4. TEM images of as-built state in a) equiaxed grains region (zone 1), b) transition area (zone 2), c)
columnar grains region (zone 3).

In Figure 4.4, different distributions of particles across these microstructural regions have been observed. The

equiaxed-grain region is characterized by a lack of particles within the grains (no intragranular particles), as

shown in Figure 4.4.a. However, some chains of particles, located between grains (transgranular) are observed.

In contrast, in the transition region (zone 2) and columnar grain region (zone 3), particles are evident within

the grains as well as between the grains — both intragranular and transgranular (Fig. 4.4.b and Fig. 4.4.c.). TEM

imaging revealed the presence of particles with different sizes and contrasts:

e In the equiaxed-grain region (zone 1), Figure 4.4.a, bright, white particles predominantly located along
the grain boundaries with sizes ranging from 20 to 30 nm are observed. Smaller dark particles with
dimensions between 10 and 20 nm are found along the grain boundary.

e In the columnar grain region (zone 3) and transition area (zone 2), Figure 4.4.c, the analysis uncovered
large, bright particles with an approximate size of 75 nm, alongside smaller, darker particles ranging

from 35 to 50 nm.

In the equiaxed-grain region, the absence of intragranular particles and the predominant presence of particles
along the grain boundaries suggest that this region allows sufficient elemental diffusion to grain boundaries

during LPBF solidification, providing sufficient time for particles to precipitate. In contrast, the transition and
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columnar grain regions exhibit both intragranular and transgranular particles, which may indicate a different
diffusion behaviour, influenced by high cooling rates. This observation demonstrates the difference in particle
formation and distribution across the track; thus, in the subsequent section, the elemental distribution in the

equiaxed, transition and columnar regions will be further examined.

4.2 Elemental distribution in as-built state

4.2.1 Distribution in equiaxed grain region

Transmission Electron Microscopy (TEM) coupled with Energy Dispersive X-ray Spectroscopy (EDS)
provides information about the microstructure and composition of materials at the nanoscale. The following
observations, obtained through TEM images and EDS elemental maps, show the distribution of key elements
in the equiaxed-grained region of the Scalmalloy sample. TEM image and elemental maps taken from the

equiaxed-grained region are presented in Fig. 4.5.

e From TEM and Mg map: in the equiaxed grain region, Mg particles are segregated along the grain
boundaries.
o From TEM and Fe map: bright particles correspond to Fe-rich intergranular particles.

e From Sc, Zr maps: no evidence of Sc/Zr-rich particles in the equiaxed grain region has been found.

TEM Al Mg
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Figure 4.5. TEM-EDS elemental maps of the area shown by the TEM image taken in the equiaxed grain
region.
From the TEM image above together with the corresponding EDS elemental (Al, Mg, Sc, Mn, Si, Zr, Fe, and
O) maps in Figure 4.5, two major features of the equiaxed grain region can be observed. The first is that no
Sc/Zr-rich particles can be detected. The second feature of the equiaxed region is the segregation of Mg along
the grain boundaries, not just the very rich Mg particles, as is clear in the Mg map. Particles can be observed
along the grain boundaries and these particles are rich in Mg and Si or in Fe possibly containing Mn, however
these particles are not Sc or Zr-rich. Sc and Zr in as-built state do not segregate in the equiaxed grains region
but are homogeneously distributed in the material in solid solution that enables post-process age hardening.
The absence of Sc/Zr particles in the equiaxed grain region suggests that the fine equiaxed grains formed
during the early stage of solidification next to and along the track boundary did not result from having the 50-
100 nm (large) size Sc/Zr particles, as there are none. Inside the grains, there are no particles (of a few to a few
tens of nanometres in size), as has already been pointed out. As is shown in Table 3.1, Scalmalloy contains Fe
and Si. Thus, MgSi- and Fe-containing intermetallic particles form in the later stages of solidification and are

present in the grain boundary regions, as is commonly known in cast Al-alloy solidification.

4.2.2 Distribution in equiaxed-columnar transition grain region

From EDS analysis of transition area (from columnar to equiaxed grains, zone 2, as referred to in Fig. 4.3 and

Fig. 4.4), it can be seen (Fig. 4.6):

e From Sc, Zr maps: no evidence of Sc and Zr segregations and no Sc/Zr-rich particles have been found.

e From Mg map: Mg segregations are still observed along the grain boundaries but also some Mg-rich
particles are found inside the grains as spots.

e From Si map: Si-rich particles formed inside the grains as spots.

e From TEM image, Mg, Si maps: TEM image is consistent with the EDS maps suggesting Mg>Si

particles in size 70-90 nm formed.
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Figure 4.6. TEM-EDS elemental maps of the area shown by the TEM image taken in the transition grain
region.
Moving slightly away from the track boundary, in the transition region between equiaxed and columnar grains,
as shown in Fig. 4.6, distinct microstructural and compositional features have been revealed. The TEM image,
coupled with EDS elemental maps, indicates that Mg continues to segregate along grain boundaries, similar to
the equiaxed grain region, however in the transition area, additional Mg-rich particles are also observed inside
the grains. These intragranular Mg concentrations, along with the Si distribution map, which similarly shows
Si-rich particles within the grains, suggest the presence of second-phase particles. The overlapping presence
of Mg and Si within the same regions in the TEM and corresponding EDS maps suggests the formation of Mg-
Si intergranular particles, potentially Mg.Si, with an approximate size of 7090 nm. Importantly, similar to the

equiaxed grains region, no segregation or clustering of Sc and Zr is detected in the transition region, and no
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Sc/Zr-rich particles are present, as confirmed by their elemental maps coupled with TEM image. Thus, it can
be concluded that Sc and Zr remain in solid solution within the transition zone, and do not contribute to particle

formation at this stage.

4.2.3 Distribution in columnar grain region

Fig. 4.7 shows the TEM-EDS elemental maps of the area shown by the micrograph (top left) taken from a

columnar region of the as-built sample as shown in Fig. 4.4. These maps indicate:

e From TEM image, Al, Mg and Si maps: Most Al-depleted particles shown in the Al maps are Mg- and
Si-rich in Mg and Si maps, respectively, suggesting these are Mg,Si. Compared to the equiaxed grains
region, Mg segregation is considerably less visible along the grain boundaries (Fig. 4.5).

e From TEM image, Al, Mn, Fe maps: Bright particles on TEM are presented on Mn and Fe maps, they
are likely to be Al¢(Mn,Fe).

e From TEM image, Al and Sc map: there appears to be no Al;Sc particles detectable and Sc appears to
be evenly distributed.
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Figure 4.7. TEM-EDS elemental maps of the area shown by the TEM image taken in the columnar grain
region.
The brief description above has shown, that away from the equiaxed-grain region, the features shown in the
TEM image and EDS elemental maps in Figure 4.7 are very different for the columnar grain region and almost
opposite to those observed in the equiaxed-grain region. First, particles that appear to be Mg—Si rich and Fe
rich are mostly observed inside the grains as against being frequently at the grain boundaries in the equiaxed-
grain region. As has been pointed out, referring to Figure 4.6, in the coarser grain side of the equiaxed-grain
region bridging to columnar grain region (transition zone), particles are also present inside the grains. Again,
as indicated by the Sc and Zr maps in Figure 4.7, there is no detectable presence of Sc- or Zr-rich particles.
Second, the Mg map in Figure 4.7 suggests only a weak enrichment of Mg in the grain-boundary areas of the
columnar grain region, very different from the strong grain-boundary Mg enrichment in equiaxed-grain region

shown in the Mg map in Figure 4.5.

The columnar grain region has been further examined at higher magnification (Figure 4.8) to precisely

investigate the composition and the size of the particles observed:

e From TEM image, Al, Mg, Si and Al, Mn, Fe maps: Al-depleted particles shown in the Al maps are
Mg-Si rich and Mn-Fe rich, suggesting they are likely to be Mg»Si and Alg(Mn,Fe) particles.

e From TEM image, Al and Sc map: there appears to be no Al;Sc particle detectable and Sc appears to
be evenly distributed.

TEM Al Mg
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Figure 4.8. EDS mapping of columnar-grain region in as-built state at high magnification.

The Al elemental map shows the presence of Al-depleted regions, which correspond to bright particles in the
TEM image. The composition of these particles suggests the formation of Mg>Si and Als(Mn,Fe) intermetallic
phases. Specifically, bright particles observed in the TEM image correlate well with Mg and Si-rich zones,
indicative of Mg.Si particles in size of 50-100 nm. Additionally, the presence of bright, roughly 50-100 nm
Mn-Fe-rich particles can be observed. Importantly, no evidence of Als(Sc,Zr) particles is found at higher
magnification, as confirmed by the uniform distribution of Sc in the corresponding map and the absence of

localized Sc,Zr-rich zones. This indicates that both Sc and Zr remain in solid solution in this region.

4.3 LPBF and solidification path

4.3.1 Solidification based on equilibrium phase diagram

The LPBF-induced elemental distributions have been found to be different in the solidification of equiaxed to
columnar grain regions, thus, the solidification path of Al-Mg-Sc-Zr was investigated using ThermoCalc
software. The modelling has shown what phases occur at certain temperatures along the entire solidification
path. According to the diagram presented in Figure 4.9, the Al;Zr phase is solidified before FCC (688°C-
639°C), facilitating heterogeneous nucleation sites for the main phase FCC (637°C) and modifying the as-cast
grain structure. The Al;Sc phase solidifies at 604°C, when 75% of FCC phase is solidified and consequently,

its modifying effect is minor compared to AlsZr.
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Figure 4.9. Phases formed during solidification according to Thermo-Calc.

However, these simulations assume complete liquid-state diffusion and no solid-state diffusion, thus
representing equilibrium conditions based on the equilibrium phase diagram. In contrast, in the case of the
LPBF process, extremely high cooling rates, up to approximately 10 K/s, occur. This leads to non-equilibrium
solidification conditions. Under such rapid cooling, the phase formation and distribution may differ
significantly from those predicted by equilibrium phase diagrams, indicating that conventional phase diagrams

are not fully applicable to LPBF conditions.
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4.3.2 Solidification considering non-equilibrium phase diagram

Non-equilibrium solidification is defined as the solidification of materials under conditions that are sufficiently
different from those of their equilibrium phase diagrams, generally involving high cooling rates. As a result,
the formed phase compositions and structures do not normally correspond to the predictions in their

equilibrium phase diagrams.

Eskin has reviewed the extensive Russian research in the 1970s-1990s on Sc applications in Al-alloys (115).
This work covers the development of metastable phase diagrams of the Al-Sc systems at different solidification
rates, mechanisms of grain refinement, precipitation hardening through AlsSc particles, and recrystallization
control. According to Eskin (115), the solubility of Sc in aluminium decreases rapidly with increasing
temperature under equilibrium conditions. However, when cooling rates increase, as in non-equilibrium
solidification processes, this solubility can expand. This can be explained as the fact that higher cooling rates
"trap" more of the solute in the solid phase before equilibrium can be re-established. Besides that, the
temperature of the eutectic reaction, so-called eutectic temperature, also decreases with increased cooling rates.

This causes a shift in the phase formation compared to what is predicted by the equilibrium phase diagrams.

The non-equilibrium phase diagram (Fig. 4.10) demonstrates how phase boundaries and solubilities shift with
increasing cooling rates. It must be noted, while existing literature reports solidification rates up to 105 K/s,
the LPBF process achieves cooling rates around 10° K/s (116). Under such an extreme cooling rate, the
conditions related to solidification are far from being equilibrium. Hence, conventional equilibrium phase
diagrams, assuming much lower cooling rates, cannot predict either the phase components of the alloy or its
behaviour in LPBF process. Thus, it can be concluded, the high cooling rates associated with LPBF lead to
non-equilibrium solidification conditions that change phase formation and solubility compared to equilibrium

predictions.
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Figure 4.10. Metastable phase diagrams of the Al-Sc system as 5 K/s (1); 10° K/s (2); 10° K/s (3) and 10°
K/s (4) (115).

4.3.3 LPBF thermal condition

The thermal conditions during LPBF are important as they directly influence the phase formation,
microstructure and mechanical properties of the final printed parts. The cooling rate can be expressed as
dT/dt = R X G, where R is the local value of the solidification velocity and G is the temperature gradient at
the solid-liquid (S/L) interface. Numerical simulations suggest that this gradient is between 5x10°-107 with the
highest values at the track boundary (117). The primary factor affecting variations in the cooling rate along the
S/L interface is the variation in solidification velocity, R. The solidification velocity can be expressed as R =
VcosO, where V is the laser scan velocity vector and 6 is the angle between the normal to the S/L interface

and the direction of the laser scan.

Kurz et al. (118) have characterized the solidification conditions during laser surface treatment, which is
comparable to LPBF (Figure 4.11). It has been demonstrated that R=0 at the track boundary as the track
boundary is normal to the weld directions and increases rapidly with z. Temperature gradient G is the highest
at the track boundary and decreases toward the inner part of the track. Cooling rate T, that is equal to R X G,

also increases strongly with z.
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Figure 4.11. Characteristic solidification conditions during LPBF (118).

Schematic representation of the melt-pool shape and geometry during LPBF is presented in Figure 4.12. During
the LPBF process, solidification starts at the boundary of the melt track, where 0, the angle between the
direction of the solidification front and the scan direction, is 90°. As the solidification front is perpendicular to
the laser scanning direction (Rs/i-1), the solidification front starts witha R = 0. Next to the track boundary, R
increases very rapidly as 0 decreases. Segregation in the region next to the track boundary is thus expected due
to the very low R values. The presence of Mg—Si- and Fe-containing particles only in grain-boundary areas in
the fine-equiaxed-grain region can also be expected to be the result of segregation of these elements during
solidification due to the very low R. Further away from the track boundary, the angle 6 decreases, thus, R

increases rapidly (Rsi-2).
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Figure 4.12. Schematic representation of the melt-pool shape and geometry during LPBF.

The precise shape of the melt pool in LPBF is still not fully understood. Del Guercio et al. (119), in their study
of diffusion and segregation during the LPBF of an aluminium alloy, utilized an angle 6 of 45° to characterize

the melt pool. For this particular angle and a laser scan velocity v = 1600 mm/s, the solidification rate R is:

1600mm o 1600mm

R=V"-cosf = €0s45° = -0.707 = 1.1m/s

At this solidification rate R, solute trapping during the solidification process is observed, as has been explained
by Kurz and Trivedi (118), when R is 0.8 m/s or higher, solute trapping occurs during rapid solidification.
However, 6=45° means a relatively short melt pool where the length of the melt pool is comparable to its depth.
In contrast, if different values of 0 are considered, that reflect a melt pool with a length-to-depth ratio of 2 and

3, the corresponding angles are calculated as 63.4° and 71.6° (Fig. 4.13).
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Figure 4.13. Schematic representation of the melt-pool shape and geometry depending on the angle 0.

These angles lead to the following solidification rates:

e For 6=63.4°, the solidification rate R is: R = M X c0s63.4 = 1600ms—m X 0.447 = 0.7m/s
e For 6=71.6°, the solidification rate R is: R = M X cos71.6 = 1600ms—m X 0.316 = 0.5m/s

According to Kurz et al. (118), these calculated R values are within the range where diffusion is localized,
approaching the critical value when solute trapping occurs (Fig. 4.14). Thus, only very low Mg segregation to
grain boundary that has been observed in columnar grain region is reasonable. This is also consistent with
theMg,Si- and Fe-containing particles observed mainly in grain interiors in the coarser equiaxed-grains and in
the whole columnar grain region, as the high R values also prevent Si and Fe from diffusing to grain boundaries

to form particles there during solidification.

<€—— RAPID SOLIDIFICATION —>»

A2V=const.

10°5 10-3

R=m/s

Figure 4.14. Various solidification rates in normal and rapid solidification processing (RSP) and

characteristic phenomena appearing in metals under conditions of RSP (118).
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4.3.4 Solidification and segregation during LPBF

Mg segregations

In equiaxed grains region, it has been noticed that Mg segregations exist around the grains (Fig. 4.5). As shown
in Table 3.1, Scalmalloy contains Fe and Si, thus, Mg>Si and Fe containing intermetallic particles form in the
late stages during solidification and are present in grain boundary region, as is commonly known in cast Al

alloy solidification.

It can be explained using the equilibrium Al-Mg phase diagram and Scheil equation. Referring to the Al-Mg-
phase diagram (Fig. 4.13), the slopes of the liquidus and solidus are negative, meaning that, as Mg content
increases, liquidus and solidus temperatures decrease (till<18 wt%). Thus, for a 4.5 wt%Mg—Al alloy, Mg
rejection during solidification and enrichment in the final solidification location means segregation to grain

boundaries is expected, if solid—liquid front growth velocity (R) is sufficiently low to allow sufficient diffusion.

Point 1 on Al-Mg phase diagram (Fig. 4.15) shows when the first solid phase forms and concentration (Cs) of
Mg is low following:

Cs

CLk

where Cy is the liquid composition and k is the partition ratio. Scheil was one of the first to suggest a method
for predicting microsegregation, based on composition variation ahead of a solidification front. His method
was based on the assumption that: a) no diffusion within the solid, b) complete mixing of solute in the liquid
and c) the liquid and solid are in equilibrium at the L/S interface. With these assumptions, he obtained the

following equation (120):
Cs = Cok(1 — f)**

where Cj is the initial composition of the alloy and fs is the solid fraction. When experimental techniques made
it possible to reliably measure the composition distributions within alloys, it became clear that the Scheil
equation cannot predict well the actual solidification process. However, it helps to explain why segregations

occur.
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Figure 4.15. AI-Mg phase diagram (121).

Scalmalloy contains 4,5% of Mg, which is represented by the red line on the phase diagram. Point 1 shows
when the first solid phase occurs and the minimum concentration of Mg is there. According to (120), it can be

calculated as following: Cs = Cyk,

s | Liquid
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g G

£ kC‘..J
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where k for Al-Mg phase diagram is equal to 0,53. Thus, Mg concentration in Scalmalloy at the initial point
of solidification is 2,4%. After that, at Point 2 (T=610°C), Mg concentration is getting higher and is equal to

Ci = kC, = kCo(f)*?*
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Composition =
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Y L3
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At the final stage, when the last liquid phase solidifies, solid composition with Cgy, = 17,4% and eutectic phase

with Cg =33% are observed.
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The amount of eutectic can be calculated as following:

Cp = Cof¥™1, where C; = 33, Co = 4,5 and k = 0,53. Thus, 1,5% of eutectic containing 33% of Mg can be
found in the solidified microstructure of Scalmalloy. Due to the high cooling rates, diffusion does not occur
and solidified phases remain at the initial composition. Schematic representation of composition of solid is
presented in Figure 4.16. However, it must be taken into account that LPBF, where high cooling rates exist, is

non-equilibrium process and concentration values are different.

Point 1 - first solidified phase with minimum
concentraion of Mg at 2,4%

- Point 2 - phase solidified at 610°C with
higher concentration of Mg

Point 3 - concentration of Mg is 17,4%

- Solidified eutectic phase with 33% of Mg

Figure 4.16. Schematic illustration of Mg redistribution after solidification.

To further understand, area compositions inside the grains and in a number of other areas each including a
section of a grain boundary have been evaluated. An EDS spectrum can include a small Cu and a small Ga
peak as a Cu grid was used and the sample can be slightly contaminated by Ga during lamellae preparation.
They have thus been excluded from ZAF calculation. For the present purpose of examining elemental
distributions, only Al, Mg, and Sc are selected for ZAF calculation, since these are the primary important
elements of the alloys. Thus, the composition is viewed as normalized. Note that, from Table 3.1, atom
percentage of Zr is low and the content at 0.3 wt% (<0.1 at%) is difficult for EDS to accurately determine. Sc
is the major element to form Al3(Sc,Zr). Table 4.1 lists the normalized compositions, corresponding to the

areas marked in the Mg map in Figure 4.17.
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Figure 4.17. EDS map and normalised at% of Al, Mg and Sc of equiaxed grain region in as-built sample.

Table 4.1. Normalized wt% of Al, Mg, and Sc determined by STEM—EDS in areas shown in Figure 4.15.

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 Area 7
(whole)
Al 94.21 95.89 95.77 92.78 94.35 86.32 91.85
Mg 5.45 3.80 3.89 6.70 5.29 7.02 7.78
Sc 0.34 0.31 0.34 0.52 0.36 0.54 0.37

The overall Mg content is 5.5at% for Area 1, which is the whole area of the TEM image including many grains,
as is clearly shown in the TEM image and Mg map. Areas 2 and 3 are entirely areas inside the grains and
at%Mg~=3.8 is significantly less (31%) than at%=5.5. Areas 4, 6 and 7 are primarily grain boundary areas and
at%Mg ranges from 6.7 to 7.8, significantly higher (22% to 42%) than at%=>5.5. Thus, these EDS analytical
data clearly demonstrate the Mg enrichment in grain boundary areas, as is readily suggested in the Mg map
EDS analysis on Area 5 shows at%Mg=5.3. The area may be viewed as a mixed area of grain boundary and

grain interior, thus at%Mg (=5.3) is close to the overall content at 5.5at% with the difference being 4%.

Similar to providing the normalized compositions for equiaxed grains as explained before, Table 4.2 lists the
compositions corresponding to the areas marked in the TEM micrograph (Fig. 4.18) for columnar grain region.

The overall composition (Area 1) in Table 4.2 is very close to the alloy composition listed in Table 3.1.
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Figure 4.18. TEM—HAADF micrograph in columnar grain region =50 um from track boundary in anas-built

sample.

Table 4.2. Normalised wt% of Al, Mg, and Sc determined by TEM—EDS in areas shown in Figure 4.16.

Area | Area | Area | Area | Area | Area | Area | Area | Area | Area | Inside | GB
1 2 3 4 5 6 7GB | 8 GB 9 10 mean | mean

Whole | Inside | Inside | GB | Inside | GB Inside | GB
Al | 94.78 | 9498 | 95.04 | 94.89 | 94.94 | 93.75 | 95.27 | 94.07 | 95.49 | 93.33 | 95.11 | 94.50
+0.25 | £0.71
Mg | 4.53 425 | 425 | 444 | 442 | 554 | 410 | 5.16 | 3.69 | 585 4.15 | 4.81
+0.32 | £0.66
Sc | 0.69 0.77 | 0.71 | 0.67 | 0.66 | 0.71 | 0.63 | 0.78 | 0.83 | 0.82 | 0.74 | 0.70
+0.07 | £0.06

About 10%Mg, = (4.55-4.12)/4.55, has been depleted inside the grains and segregated at the grain boundaries

of the columnar grains. This is a weak segregation, in comparison to 24%Mg, = (4.55-3.47)/4.55, that has

segregated in the grain-boundary areas in the equiaxed-grain region.
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Sc segregations

The slight segregation of Sc to grain boundaries in the equiaxed-grain region but not in columnar grain region,
however, may need to be considered further. Sc contents listed in Table 4.1 may suggest possibly a slight
segregation of the element at grain boundaries, although there is no indication of Sc enrichment in Sc map
(Fig. 4.25). The overall Sc content determined is at 0.34at% (area 1), although Sc in the original powder is
higher (Table 3.1). Area 2 and area 3 (Fig. 4.15) are grain interior and their Sc contents at 0.31-0.34at% may
be viewed slightly lower (0-9%) than the overall Sc content. Areas 4, 6 and 7 of Figure 4.15 are primarily grain
boundary areas and their Sc contents are 0.52, 0.58 and 0.37at%, respectively. Thus, on average, Sc content in
grain boundary area in equiaxed grain zone detected can generally be viewed from slightly higher (9%) to
significantly higher (71%) than that of the overall Sc content (0.34at%), although accuracy for low
concentration detection may be high. As for columnar grain region (Table 4.2), there appears no segregation
of Sc that can be detected according to the data of Sc content values. Al-Sc-phase diagram (Fig. 4.19) suggests
that, for the alloy containing 0.34 at% Sc, eutectic should form after the formation of proeutectic Al;Sc during

cooling. The proeutectic Al;Sc or Als(Sc,Zr) should act as nuclei whether they can be detected or not.
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Figure 4.19. Al-Sc phase diagram (122).

In Figure 4.17, the STEM image does not show the usual coupled eutectic growth pattern. Instead, it exhibits
a divorced eutectic solidification. Norman et al. (123) demonstrated that, when using an Al-0.7(wt%) Sc alloy
with a cooling rate of up to 1000 K/s, they found no evidence of coupled eutectic growth under TEM analysis.
Instead, they observed that only a(Al) phases grew outward from the Al;Sc nuclei, which is characteristic of
divorced eutectic solidification. In divorced eutectic growth, as the a(Al) phase grows, it tends to push out

some of the Sc content. This process leads to the Sc being rejected and segregated to areas near the grain
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boundaries. Since the growth rate is slower in the fine, equiaxed grain-boundary regions, there is more time

for diffusion to occur. This results in a higher concentration of Sc at the grain boundaries.

Moving away from the track boundary, R and cooling rate (dT /dt) increase very rapidly and reaches extremely

high values (118). Hooper (27) conducted direct measurements of % on the surface of the melt track during

the LPBF process of Ti6Al4V and reported that % ranged from 10° to 40x10° K/s. This range is highly

dependent on the LPBF parameters used, such as laser power, scan speed and layer thickness. In a separate

study, Hyer et al. (124) estimated the rate of temperature change for AlSi10Mg during LPBF. They based their
estimation on the relationship between % and the secondary arm spacing of the solidified structure. Rosenthal
equation, which is used to describe thermal conditions in welding and similar processes, was also applied.

Their results showed that % values for AlISi10Mg could range from 10° to 107 K/s. Considering these findings,

. . dr . .
it is reasonable to suggest that the cooling rate, —; > can reach at least 10° K/s just a short distance away from

the boundary of the melt track. An increase in dT /dt may have a strong effect on the effectiveness of Sc to
form and thus to grain refine. To illustrate this with the Al-Sc binary system: the equilibrium composition for
the Al-Al;Sc eutectic is 0.56 wt% Sc (125), (126). In a Scalmalloy with 0.65 wt% Sc, the formation of
proeutectic Al;Sc is efficient under near-equilibrium conditions, such as in areas with low solidification rates
(R). However, moving further from the track boundary where solidification occurs more rapidly, the system
moves away from equilibrium. In these conditions, the effectiveness of Sc in forming AlzSc and thus in refining
the grain structure decreases. It has been demonstrated (115) that the values of eutectic composition are ~0.6,
~0.8, =1.3, and =3.0 wt% for dT/dt equal to 5, 10% 10% and 10° K/s, respectively. Data on nonequilibrium

eutectic compositions indicate that in an Al-0.65 wt% Sc alloy, scandium (Sc) becomes ineffective for grain
refining if the cooling rate % exceeds 102 K/s. Therefore, in this alloy, which also contains 0.3 wt% Zr (0.09

at% Zr), the formation of proeutectic Al3;Sc, which is crucial for grain refinement, is unlikely to occur
throughout most of the melt due to the high cooling rates. This connection between cooling rate and the
effectiveness of grain refining helps explain why increasing the baseplate temperature (TB) in Laser Powder

Bed Fusion (LPBF) can lead to a larger region of equiaxed grains, as observed by Yang et al. (75). Raising TB
reduces the heat transfer rate from the melt track, which in turn lowers %, This reduction in the cooling rate

enhances the likelihood of proeutectic Al;Sc formation, thereby expanding the region where equiaxed grains

form.

4.4 Elemental distribution after aging treatment

Further illustration of distribution of elements after aging treatment is not for the study of how Sc has played
the role on precipitation strengthening. Rather, how aging treatment has affected the elemental distributions in

the LPBF samples of the alloy presented here is for the further support of the understanding of the distributions
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in the as-built state. Thus, the suggested mechanism of how Sc affects the bimodal microstructure formed can

be better understood.

Fig. 4.20 shows the TEM-EDS elemental maps of the area shown by the micrograph (top left) taken from an

equiaxed grain region of TS as shown.

e From TEM and Mg map: in the equiaxed grain region, Mg particles are segregated along the grain
boundaries.

e From TEM and Sc map: evidence of Sc-rich particles in the equiaxed grain region have been found.

TEM Al O

Si Sc Zr

Figure 4.20. TEM (HAADF) micrograph, top left, and EDS elemental maps taken and analysed in equiaxed
grain region in TS5 sample.
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Mg map in Figure 4.20 shows that Mg content should be still higher in grain-boundary areas than the content
in grain interiors. Mg appears to be significantly less enriched in gran-boundary areas in Figure 4.20, in
comparison to the high degree of enrichment in the areas shown in the Mg map in Figure 4.5. This is because
a portion of Mg from the Mg-rich grain-boundary areas has diffused to grain interiors when the sample was
held at the aging temperature. The Si maps shown in Figure 4.20 display an even distribution of Si, meaning
that Mg—Si (likely Mg»Si) particles that can be detected in the as-built state in Figure 4.5 have dissolved during
aging treatment. The Fe map in Figure 4.20, compared to that in Figure 4.5, also suggests that the Fe-rich

particles in the as-built state have largely dissolved during aging treatment.

However, the Sc map shown in Figure 4.20 suggests the presence of Sc-rich particles after aging treatment, as
opposed to the as-built state showing no Sc-rich particles in Figure 4.5. As has been explained, according to
the literature (60), the strengthening Al;Sc precipitates after aging treatment can be 1-2 nm or less in size.
These small-size precipitates are not distinguishable in the Sc map of Figure 4.20. The Sc map in Figure 4.20
suggests that there are Sc-rich particles larger than a few nanometers. Observing closely, the TEM micrograph
and the Sc map in Figure 4.20 suggest that more Sc-rich particles are present along the grain boundaries. An
example of such particles is pointed to by the two red arrows in Figure 4.20 in the TEM image and in the Sc
map. Forming Sc-rich particles in grain-boundary areas during aging treatment is reasonable, as there is a slight
Sc segregation to the areas during solidification in the equiaxed-grain region, as has already been shown and
explained. Note also that Sc-rich particles are also observed in grain interiors and an example is indicated by
a green arrow in both the TEM image and the map in Figure 4.20. Sc-rich particles larger than a few nanometers

in size ingrain interiors suggest that Sc supersaturation during solidification may not be homogeneous.

The elemental distributions in the columnar grain region of the aged sample are shown in Figure 4.21. These

maps indicate:

a. From TEM image, Al, Mg and Si maps: Most Al depleted particles shown in the Al maps are Mg and Si
rich in Mg and Si map, respectively. Also, similar to as-built state, Mg segregations are identified along

the grain boundaries.

b. From TEM image, Al, Mn, Fe and Si maps: Large bright particles (up to 0,4um) located along the grain

boundaries on TEM are presented on Mn, Fe, Si maps.

c. From TEM image, Al and Sc map: Tiny Sc particles discontinuously distributed along the grain
boundaries are presented on Sc map. To evaluate the size of these particles, TEM-EDS elemental maps at

higher magnification are presented (Fig. 4.22 and Fig. 4.23).

d. From Fe and Zr maps: Zr appeared on the map repeating the pattern from Fe map.
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TEM Al O

Si Sc Zr

Figure 4.21. TEM (HAADF) micrograph, top left, and EDS elemental maps taken and analysed in columnar
grain region next adjacent to equiaxed grain region in TS5 sample.
Al-depleted regions observed in the Al map correspond to bright particles in TEM image that are rich in Mg
and Si, as indicated in the respective elemental maps, suggesting the formation of Mg.Si particles. Similar to
the as-built condition, Mg segregations along the grain boundaries are observed. Additionally, large elongated
particles in size up to 0.4 pm in size are identified in the TEM image and are mirrored in the Mn and Fe maps,
suggesting the presence of intermetallic phases such as Als(Mn,Fe), particularly along the grain boundaries.
Importantly, the Sc map shows the presence of fine, discontinuously distributed particles along grain
boundaries, which are absent in the equiaxed region. These are suggested to be AlsSc precipitates. To gain

more information on size of these precipitates, TEM images of transition area at higher magnification together
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with elemental maps are presented in Figure 4.22 and Figure 4.23. Lastly, the Zr map follows a similar pattern

to that of Fe, demonstrating either co-location or minor Zr incorporation into Fe-rich phases.

TEM Al O

Si Sc Zr

Figure 4.22. TEM (HAADF) micrograph, top left, and EDS elemental maps taken and analysed in columnar
grain region next adjacent to equiaxed grain region in TS5 sample (higher magnification).
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100 nm

Si Sc Zr

Figure 4.23. TEM (HAADF) micrograph, top left, and EDS elemental maps taken and analysed in columnar
grain region next adjacent to equiaxed grain region in TS5 sample (higher magnification).

Figures 4.22 and 4.23 present high-magnification TEM and EDS elemental maps from the columnar grain

region near the equiaxed boundary in the T5-treated Scalmalloy sample, providing detailed information into

the precipitation behaviour of Sc. The Sc elemental map shows a discontinuous distribution of fine Sc-rich

particles aligned predominantly along grain boundaries. These particles appear as spots in the Sc map and

correlate with regions of Al depletion in the Al map, which confirms the formation of AlsSc precipitates. These

particles are in the size range of 20-80 nm and are elongated at ~90° to the grain boundary.

Fig. 4.24 shows the TEM-EDS elemental maps of the area shown by the micrograph (top left) taken from a

columnar region of T5 as shown. These maps indicate:
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a. From TEM image, Al, Mg and Si maps: Most Al depleted particles shown in the Al maps are Mg and Si
rich in Mg and Si map, respectively, suggesting these are Mg,Si.

b. From TEM image, Al, Mn and Fe maps: Bright particles on TEM are presented on Mn, Fe maps. They
are likely to be Alg(Mn,Fe)

c. From TEM image, Al and Sc map: Tiny Sc particles are presented on Sc map, suggesting these are Al3;Sc

particles.

Si Sc Zr

Figure 4.24. TEM (HAADF) micrograph, top left, and EDS elemental maps taken and analysed in columnar
grain region in TS5 sample.
Little Mg enrichment in the grain-boundary areas is shown in the Mg map. This is because of the ready

homogenization of Mg during aging treatment from the low Mg segregation in grain-boundary areas in the
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columnar grain region in the as-built state (as shown in Figure 4.7). Many Mg,Si- and Fe-rich particles inside
the grains in the as-built state have remained, as is indicated by the Mg, Si, and Fe maps in Figure 4.24. This
is very different from the dissolution of the Mg—Si- and Fe-rich particles in grain boundaries in the as-built
state during aging treatment and may be the result of rapid diffusion in the fine-equiaxed-grain region. Grain-
boundary diffusion rate may be much higher than lattice diffusion rate and grain-boundary areas are large in
the fine-equiaxed-grain region. Furthermore, in the fine-grain region, elemental diffusion only needs a short
distance for elemental homogenization in grain interiors. In contrast, the dissolution of particles mostly in grain
interiors in the coarser and columnar grain region requiring lattice diffusion could be a much slower process.
This may explain the insignificant amount of dissolution in the coarse and columnar grain region during the
time at aging temperature. As for Sc, the Sc map in Figure 4.24 shows some Sc-rich particles throughout in
the aged sample. This is consistent with the lack of Sc segregation to grain-boundary areas in columnar grain

region in as-built state.

4.5 Proposed mechanism of bimodal grain formation

Based on the measurements, observations and analysis above, the proposed mechanism of bimodal grain

formation is:

Equiaxed grain region located near the track boundary:

o Mechanism of equiaxed grain formation: An equilibrium phase diagram can be applied in the
area close to the melt track boundary as the growth and cooling rates are very low (Fig. 4.25). These
conditions are favourable for forming Al3Sc phases, which act as nucleation sites for the fine
equiaxed grains, typically around 0.5 um in size.

o Segregations of elements: During solidification, a considerable diffusion of elements outward is
also facilitated by a low growth rate, which leads to the segregation of elements and intermetallic
particles forming along the grain boundaries in the equiaxed grain region.

Transition area from equiaxed to columnar grain region - a few microns away from the track
boundary

o Increase in Grain Size: Moving slightly away from the track boundary, the growth rate R
increases sharply (Fig. 4.25). This spike in growth rate shifts the composition of the divorced
eutectic toward higher values, surpassing the Sc content of the alloy. Thus, the grain size in the
equiaxed region increases to approximately 1.5 um due to the decreased grain-refining effect
caused by the reduced effectiveness of Sc.

Columnar grain region — further away from the track boundary:

o Columnar grains region: Due to the high growth rates, the grain refining effect of Sc is completely

lost, resulting in columnar grains growth (Fig. 4.25). In this region, a non-equilibrium phase

diagram is applied to describe the solidification process.
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o Localized Diffusion: In the columnar grain region, due to the high growth rate during
solidification, highly localized diffusion is observed. This localized diffusion prevents the

segregation of elements during solidification.

Scan direction

S

Laser beam

Non-equilibrium phase diagram/.
columnar grain region

Unmelted powder

Equilibrium phase diagram/
equiaxed grain region

Figure 4.25. Schematic representation of LPBF conditions allowing formation of bimodal microstructure in
Scalmalloy.
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Chapter S — Fatigue behaviour of bimodal grain structure
Following on from the understanding of the forming mechanism of the bimodal grain structure, in this chapter,
how cyclic loading with different loading directions on this grain structure in combination with LPBF defects
affect fatigue behaviour and properties will be presented. The first part of the chapter is to present the data
from FCG testing, both from growth rates in region Il and AKg values in region 1. Also in this part, crack paths
in both as-built and T6 samples tested will be illustrated, and how the bimodal grain structure in response to
cyclic loading is not significantly affected by loading direction will be explained. The second part of the chapter
is to present the data on fatigue life and strength of the LPBF bimodal grain structure samples. How LPBF
defects dominantly affect strength under cyclic loading and why increasing quasi-static strength after T6
treatment does not affect high-cycle fatigue strength will be described. Finally, a further discussion will be had
to provide a clearer understanding of why load direction insufficiently affects the high cycle fatigue strength

of the bimodal grain structure.

5.1 Fatigue crack growth (FCG) under various loading directions

5.1.1 Fatigue crack growth of as-built and T6 samples

The da/dN versus AK data are presented across four figures, each demonstrating different experimental
conditions and sample orientations. Figure 5.1 shows three curves for as-built samples, which were printed on
a room temperature (RT) plate. These samples are oriented in three distinct directions relative to the build
direction: crack direction parallel to the build direction, normal to the build direction, and at 45° to the build
direction. Figure 5.2 shows four curves: three for as-built samples printed on a heated plate in the same three
orientations (normal, parallel, and 45 degrees to the build direction) as those in Figure 5.1, and one additional
curve for an as-built sample with crack direction parallel to the build direction, but printed on an RT plate,
provided for comparison. Figure 5.3 presents three curves for heat-treated samples printed on an RT plate, with
crack directions either parallel to the build direction or at a 45-degree angle to it. Additionally, this figure
includes a curve for an as-built sample with a crack direction parallel to the build direction and printed on an
RT plate for comparative purposes. Figure 5.4 shows three curves for heat-treated samples printed on a heated
plate, with crack directions parallel to the build direction and at a 45-degree angle to it. It also includes a
comparative curve for an as-built sample with a crack direction parallel to the build direction, printed on an

RT plate.
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Figure 5.1. Fatigue crack growth curves for as-built samples made using room temperature plate.
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Figure 5.2. Fatigue crack growth curves for as-built samples made using heated plate.
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Figure 5.3. Fatigue crack growth curves for heat-treated samples made using room temperature plate.
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Figure 5.4. Fatigue crack growth curves for heat-treated samples made using heated plate.

These figures together illustrate the effects of print direction, plate temperature and heat treatment on the
fatigue crack growth behaviour of the samples. The similarity of curves and AKy across various conditions
demonstrates the limited influence of build orientation, plate temperature and heat treatment on crack growth
behaviour under cyclic loading. A detailed analysis of fatigue crack growth curves is presented below focusing

on fatigue crack growth rate and threshold intensity factor AKg.
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5.1.1.1 Fatigue crack growth rate

In Figures 5.1 and 5.2, FCG curves for different CD-BD orientations for as-built samples under both room
temperature and heated base plate conditions are presented. The FCG curves show consistent behaviour across
the three orientations for both conditions. The Paris Law Parameters C and m have been identified for each

sample tested, the results are summarised in the table (Table 5.1) and presented below:

Table 5.1. Paris Law Parameters for as-built samples.

Sample Paris Law Parameters
C, (mm/cycle)/(MPaVm)™ m
(CD-BD)pt+ASkt 3.4 %107 3.02
(CD-BD)n+ASkT 5.47 x 107 2.49
(CD-BD)4s+ASrt 2.97 x 107 2.95
(CD-BD)p+ASu 3.32 x 107 2.87
(CD-BD)n+ASH 4.26 x 107 2.68
(CD-BD)sst+ASH 3.82 x 107 2.86

These parameters were found to be similar across all CD-BD orientations and conditions, indicating that the
fatigue crack growth rate (da/dN) is not significantly affected by CD orientation in relation to BD. The Paris
law parameters (C and m) are thus largely independent of orientation and base plate temperature. However, it
should be noted that Paris Law Parameters for samples (CD-BD)x+ASrt, (CD-BD)p+ASH, (CD-BD)N+ASH
cannot be calculated accurately (highlighted in Table 5.1) as Paris Law region for (CD-BD)p+ASy and (CD-
BD)~+ASH is not linear due to some test error, and (CD-BD)n+ASrr sample was used for the interrupted test

for crack growth path investigation.

Figures 5.3 and 5.4 show FCG curves for heat-treated samples and built at either RT plate (Fig. 5.3) or heated
plate (Fig. 5.4). Similar to as-built samples, Paris Law parameters C and m have been found using the technique

described above for (CD-BD)p+ASrr sample. The parameters for the heat-treated samples are (Table 5.2):

Table 5.2. Paris Law Parameters for heat-treated samples.

Sample Paris Law Parameters
C, (mm/cycle)/(MPaVm)™ m
(CD-BD)pt+HTrr 3.7 %107 3.37
(CD-BD)4s+HTRrr 7.3 x 10”7 2.76
(CD-BD)ptHTH 6.51 x 107 2.76
(CD-BD)4s+HTn 1.74 x 107 341
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Across all conditions and orientations, the Paris law parameters C and m are relatively stable, indicating
minimal orientational effect or sensitivity to heat treatment. This observation aligns with previous studies,
which consistently show that the Paris law parameters are robust to variations in microstructure (109).
However, for some curves that represent heat-treated samples, similar to as-built samples, Paris Law
Parameters cannot be accurately found due to interrupted test ((CD-BD)sstHTrr) or test error ((CD-

BD)4s+HThy) that leads to non-linear Paris Law region.

The Paris Law parameters C and m are primarily material-dependent, which means their values are mainly
influenced by the properties of the alloy rather than the samples conditions, such as heat treatment or sample
orientation. This explains why no significant differences in C and m values have been observed across various
LPBFed Scalmalloy samples, as they all have been printed from the same alloy composition. To further
confirm this material dependence, comparisons have been made using other alloys, including A15083 (127),
A16005 (128), belonging to Al alloys and Ti Grade 2 (129). Titanium Grade 2 has been specifically included
as a representative of a different material class from aluminium alloys. The resulting differences in Paris Law
parameters across these materials reinforce the conclusion that C and m are predominantly dictated by the

material’s inherent characteristics.

Brahami et al. in (127) investigated and compared fatigue crack growth rate of diverse range of Aluminium
alloy, including 5083-H22 alloy, which, as well as Scalmalloy, belongs to Sxxx Al alloy series. All samples in
the research work have been tested at a stress ratio of R = 0.1, making it possible to compare the results obtained
by Brahami et al. with the results of the present study. The results from (127) summarised in Table 5.3, present

the Paris law equations for each alloy of their study.

Table 5.3. Paris Law Equations for Aluminum Alloys (127).

Material Paris Law AK region C, (mm/cycle)/(MPavm)™ m

7075-T3 da/dN=1.7E7AK>% | 11-38 MPaVm 1.7 x 107 2.55
2024-T3 da/dN=5.35E8AK?>? | 7-18 MPaVvm 5.35x 108 3.23
6082-T6 da/dN=1.9EAK** 5-12MPavm 1.9 x 10 2.44
5083 H22 da/dN=1.29E°AK>% | 3.5-8 MPa\'m 1.29x10°¢ 2.53

The results demonstrated that there is no significant variation in m Parameter, with values ranging narrowly
from 2.44 to 3.23. However, C parameter shows more variation, ranging from 5.35 x 108 for 2024-T3 to 1.9

x 107 for 6082-T6 alloy.

To further illustrate the lack of influence of material condition on fatigue crack growth (FCG) behaviour, it is
useful to consider an example from the literature where a single alloy has been tested in multiple heat-treated
states. Liu et al. (128) examined FCG behaviour of 6005A aluminium alloy containing Sc in three heat-treated

conditions (Fig.5.5, Table 5.4): under-aged (UA), peak-aged (PA), and over-aged (OA) samples (128). All
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specimens have been tested at a load ratio of R=0.1, which again aligns with the conditions used in the current

study and thus allows a comparison.
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Figure 5.5. Curves showing the relationship between the FCGR and AK for various heat treatment
conditions of AI6005 and Paris Law parameters for the corresponding curves (128)

Table 5.4. The values of the constants based on the fitting of the Paris Regions of the samples treated with
different aging tempers from (128).

Sample C, m
(mm/cycle)/(MPaVm)™
UA 2.8093x10-8 3.2040
PA 6.7842x10-7 2.372
OA 1.0605%10-6 2.1542

When comparing the fatigue crack growth parameters of the UA, PA, and OA samples, it can be noted that the
Paris Law parameters are relatively similar. However, the presence of a non-linear region in the Paris Law

curves, as presented in the study, complicates the precise determination of these parameters.

In another study (129), the fatigue properties of additively manufactured Ti Grade 2 have been analysed in
comparison with Al alloys. The fatigue crack growth behaviour, quantified by the Paris law, is determined as
C=3.0x 10° (mm/cycle)/(MPavm)™ and m = 4.2 while the aluminium alloys generally have C values in the
range of 10°® to 10 (mm/cycle)/(MPa\vm)™. Compared to various aluminium alloys, such as 7075-T6, 6082-
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T6, 5083-H22, and 2024-T3 (with m values typically ranging from 2.5 to 4.0), Ti Grade 2 exhibits a higher m

and a significantly lower C value.

Thus, the Paris law parameters C and m, which describe the relationship between fatigue crack growth rate
(da/dN) and the stress intensity factor range (AK), are primarily material-dependent. Other factors such as heat
treatment, build direction, or build plate temperature have minimal effect. This is clearly illustrated in Figure
5.6, where the FCG behaviour of AM Ti Grade 2 differs significantly from that of aluminium alloys, regardless

of their processing or treatment conditions.

16

lg(AK)
—8— AlG005 PA —8— Al5083 H22
—8—Ti Grade 2 (AM) —@— (CD-BD)P+ASRT - This work

Figure 5.6. Logarithmic relationship between fatigue crack growth rate (FCGR) and the range of stress
intensity factors.

To conclude, C and m parameters for both as-built and heat-treated samples vary minimally across different
crack directions to build direction orientations, and base plate temperatures and are equal to (3 —5) X 1077,
(mm/cycle)/(MPavm)™ and 2.9-3.0 correspondingly. The comparison of C and m parameters for other Al alloys
in the previous studies demonstrated that these parameters obtained in the current study are similar and differ
significantly from the parameters for Ti alloy. These findings suggest that the Paris law parameters are inherent
to the material and largely unaffected by other processing conditions, meaning that C and m are primarily

material-dependent.

5.1.1.2 Threshold intensity factor (AKtn)

The threshold stress intensity factor (AKw) is an important measure of the material's resistance to crack
propagation and is defined as the minimum AK value below which the crack does not grow. From FCG curves

provided in Figures 5.1-5.4, the AKs, has been determined as follows (Table 5.5):
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Table 5.5. The threshold stress intensity factor (AKu) for samples in the present study.

Sample AKn, MPa m'?
(CD-BD)p-ASkr 136
(CD-BD)x+ASkr 1.36
(CD-BD)ss*+ASgr 1.4
(CD-BD)p+ASk 1.42
(CD-BD)x+ASk 1.42
(CD-BD)ss*+AS 1.34
(CD-BD)p+HTxr 1.34
(CD-BD)ss+HTrr 1.27
(CD-BD)p+HTy 13
(CD-BD)ss+HTy 1.46

For samples printed with the crack direction parallel, normal or at 45 degrees to the build direction - (CD-
BD)p, (CD-BD)n, (CD-BD)4s - the AKi, values, as the average for a particular orientation, range between 1.36
and 1.39 MPa m'? demonstrating the minimal variation, suggesting that the crack orientation relative to build
direction does not influence AKyn. Similarly, the base plate temperature (heated plate vs. room temperature)
shows only a minor effect on AKy. Samples built on a heated plate have values from 1.3 to 1.46 MPa m'?,
while room temperature plate samples range from 1.27 to 1.4 MPa m'2. This close grouping further supports
that base plate temperature has a limited impact on the AKy, values. Heat-treated samples exhibit AKy, values
from 1.27 to 1.46, while for as-built samples, it varies from 1.34 to 1.42 demonstrating that heat treatment does

not have any effect on AKy, values.

These values indicate that the AK, is not significantly affected by the orientation, base plate temperature or
heat treatment as all the curves are closely grouped around these AKy, values. However, the AKw values
observed in this study (=1.36 MPa m'?) are lower than the value reported by Zerbst et al. (109) for A15038-
H321, which is 1.9 MPam'? at R = 0.1 (Fig. 5.7). It must be noted, the authors referred to the use of an A15038
alloy, however, this is likely a typographical error, as there is no known Al15038 alloy, and it is assumed they
intended to reference the A15083 alloy instead. The Al5083 alloy with a similar composition to Scalmalloy,
shows different AKy, values, which might be attributed to the differences in microstructure, in particular, it
could be suggested that in normally wrought alloys such as A15083, the grain size is relatively large, leading

to a more pronounced crack closure effect and thus contributing to higher AK values.
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Figure 5.7. Determination of the intrinsic threshold value AK,, for the material AI5830 H321: (a)—(e)
Determination of AKy for R ratios of 0.1, 0.2, 0.6 and 0.8, (f) Determination of AKy by extrapolating the
AKy, values of (a)—(e) to R = 1 (130).

It has been widely demonstrated (109) (131) (132), that AKw shows a significant increase with larger grain
sizes, which is attributed to the roughness-induced crack closure effect. The roughness-induced crack closure
effect is caused by the network of defects along the crack edges, which can prevent crack opening under cyclic

loading. This effect is further increased by shear mode displacements, often leading to crack branching (Fig.

5.8).

Crack branching

Roughness:
microscopic macroscopic

Figure 5.8. Crack tortuosity and branching as major contributors to roughness-induced crack closure (109).

These microstructural features cause variations in the crack path, which cause the increased contact between
the crack surfaces and thus lower the effective stress intensity at the crack tip. This mechanism is particularly
significant near the fatigue crack growth threshold, where it can contribute to a decrease in the crack
propagation rate by increasing the resistance to crack opening and growth. Studies have also shown that larger
grains cause a rougher crack surface that tends to enhance crack closure, thereby impacting the effective

threshold for crack propagation (109) (Fig.5.9).
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Figure 5.9. Effect of the grain size on the overall and intrinsic crack propagation thresholds, AKy and
AKth,eff, in ARMCO iron (109).
The effect of roughness of the fractured surface on the threshold stress intensity factor has also been
demonstrated by Gray et al. (133). As illustrated in Figure 5.10, increasing the surface roughness leads to a
higher AKq, value, which is in agreement with Zerbst et al. (109). It has also been shown that this effect is
especially pronounced when stress ratio R = 0.1, compared to R = 0.7, where the crack closure effect is
minimal. The high crack closure effect at R=0.1 with the elevated AKy is due to a decrease in AKcfr caused by
crack tip blockage, while increasing R allows the crack to remain open throughout the load cycle, reducing the

crack closure effect.
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Figure 5.10. Relation between surface roughness and AKth, for roughness measurements near threshold
(133).
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The bar chart (Fig. 5.11) below displays the relation between surface roughness (R.) and AKy values for
samples tested for fatigue crack growth in this study. It is observed that the fracture surface roughness values
(represented by the yellow bars) and AKy, (represented by the green line) do not show significant differences
across all sample conditions. Compared to data presented in (133), where AR, = 20um causes an increase of
AKy at ~1 MPavm, in this study, R, does not vary significantly, from 2.39 um to 3.46 pm. Although there are
some variations, the overall trend suggests that the current study maintains consistent levels of R, = 2.9 um

and AKw = 1.36 MPavVm.
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Figure 5.11. Fracture surface roughness (R,) and AKy, for samples used in the current study.

Scalmalloy is characterized by its small grain size, thus, low fracture surface roughness, which significantly
affects its fatigue crack propagation. The threshold stress intensity factor, AKw, as discussed above, is affected
by microstructural features, and in the case of Scalmalloy, the fine grains contribute to lower AKy, values. In
this study, despite variations in orientation and heat treatment, the AK remained consistent, indicating that
the bimodal microstructure does not significantly affect AKu. This suggests that the microstructural
characteristics of the alloy, such as those affected by orientation and heat treatment, do not substantially alter
the crack path tortuosity or the threshold value. To validate this inference, the crack growth path was examined

in both the as-built and T6 grain structures and the findings are presented in the following section.

5.1.2 Crack growth path in as-built and T6 bimodal grain structure

To analyse the crack tip region of a sample tested with a K-decreasing scenario, SEM has been used. Figure
5.13a presents SEM micrographs detailing the crack propagation through the bimodal microstructure. At lower
magnifications (bottom left of Fig. 5.12a), the crack path appears relatively smooth overall. In the equiaxed
grains region (bottom right of Fig. 5.12a), the crack path is notably smooth, reflecting the sub-micron grain
sizes present in these regions. Due to the small grain sizes, it is difficult to verify the mode of fracture, whether

it is transgranular or intergranular, directly from these images. However, regardless of fracture mode, the
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roughness of the crack path is determined by the grain size at the particular region, indicating that the crack

roughness (R,) in equiaxed grain area is less than 1 pm.

Columnar grains

a" .
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ih)

Figure 5.12. SEM micrographs taken in (a) the crack tip and thus in a near threshold region and (b) 5.2mm
(AK=2.8MPa m'?) from crack tip of a (CD-BD)p+ASgr sample (CD and BD to the left). In (a) each pair of
arrows indicates the width of the columnar grain.

The SEM micrographs reveal that as the crack propagates into the columnar grain region (upper right of Fig.
5.12a), there is no significant increase in crack growth resistance compared to the equiaxed grains. The crack
grows transgranularly and shows a slight deviation of a few degrees from the base direction (BD) before
adjusting and continuing in the equiaxed region. Columnar grains, oriented at approximately 80° to the BD,

provide minimal additional resistance for crack to grow. The width of the columnar grains, ranging from 1 to
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2 pum (bottom right of Fig. 5.12a) and the crack's deviation suggest that the crack path remains mostly smooth

on a micron scale, despite local tortuosity.

As the crack progresses into a new track (top left of Fig. 5.12a), the mode of fracture shifts as the crack moves
through equiaxed grains and then into differently oriented columnar grains, where grain boundaries are inclined
at angles 5-10° to the BD. The crack propagation along grain boundaries becomes evident in this region. This
change in crack propagation mode highlights that the crack path remains generally smooth, with only minor

deviations, in the Paris law region (Fig. 5.12b), which corresponds to AK = 2.8 MPa m'?.

An SEM micrograph for (CD-BD)4s sample, with an Electron Backscatter Diffraction (EBSD) orientation map
shows the crack path through and along the columnar grain boundaries (Fig. 5.13). The EBSD map illustrates
that the crack predominantly follows the grain boundaries, except for a few grains where the crack path
propagates intergranularly. This observation confirms that, regardless of the sample orientation, columnar
grains can be nearly parallel or at a significant angle to the BD and do not significantly influence the crack
path. The features observed in the fracture surfaces of the as-built samples (Fig. 5.13) include smooth
propagation through equiaxed grains regions and minor zigzag steps in the columnar grains regions due to the

small grain widths (1-2 pm).

Al (Rolling)

-+ Equiaxed
. grains

(a) (b)

Figure 5.13. (a) SEM micrograph and (b) EBSD orientation map taken in locations near threshold region in
K-decreasing (CD-BD)s+ASgr sample. In (b) the dotted line superimposed represents the crack traced in
pattern quality map in which the crack is clear and the two arrows point to grains of transgranular crack

growth.

An example of examining the fracture surface is shown in Fig. 5.14, for an as-built (CD-BD)4s sample. This

fractograph is highly representative of the fracture surfaces of all the samples in both the Paris law and near-

threshold regions. Regions or bands of equiaxed and columnar grains that have been fractured through are
clear in the fractograph. It also reveals that locally in equiaxed regions that the fracture surface is very smooth

and the zigzag steps in the fracture surface of columnar regions are very small. The examination of the fracture

surface represented in Figure 5.14 is thus consistent with the examination of the fracture path shown in Fig.
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5.12 and 5.13. In general, all the examinations have suggested a very smooth fracture path in the equiaxed

region and zigzag step height being generally less than a micron in the columnar grain region.
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Figure 5.14. SEM fractographs taken in a near threshold region in K-decreasing (CD-BD) +s+ASrr sample,
with smooth crack path in equiaxed grain region and zigzag crack path with small steps in columnar grain
region indicated.

To investigate the effect of heat treatment on fatigue crack growth, aging at 325°C for 4h has been performed.
Figure 5.15 shows an SEM micrograph of a heat-treated (CD-BD)4s sample. The heat treatment resulted in a
slight homogenization of the microstructure, which made the grain boundaries less clear. Despite this, the crack
growth behaviour observed in the aged sample remains consistent with those in the as-built samples. The crack

path remains smooth in the equiaxed regions and exhibits small zigzag steps through the columnar grains.

Zigzag
Smooth crack path
crack path i

Equiaxed grains Columnar grains

I 1 1
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Figure 5.15. SEM micrographs taken in a near threshold region in K-decreasing (CD-BD)sHTrr sample,
with smooth crack path in equiaxed grain region and zigzag crack path with small steps in columnar grain
region indicated.
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The analysis of the crack path and fracture surfaces suggests that fine bimodal microstructure, characterized
by small equiaxed and columnar grains, does not induce significant roughness in the crack path. This
observation is in agreement with findings by Zerbst et al. (109), who noted that AKy is closely related to
Young's modulus and that large grain sizes can significantly increase roughness-induced crack closure effect.
AKy increase with grain size increase has been also reported by Pao et al. (134). However, for the LPBFed
Scalmalloy samples in this study, the grain sizes are small, typically less than 1 pm for equiaxed grains and up
to 2 um for columnar grains. Thus, the roughness of the crack path remains low, leading to AK, values for all
samples regardless of their orientation, heat treatment and base plate temperature, of approximately 1.3-1.4

MPa m'?.

5.1.3 Discussion on how grain structure affects crack growth

The influence of microstructure on crack growth behaviour, the effect of heat treatment (homogenization), and
how it correlates with AK, have been investigated through a combination of FCG tests, SEM micrographs,
and EBSD analysis. It has been demonstrated that in regions with equiaxed grains, which have sub-micron
sizes, the crack path is remarkably smooth (Fig. 5.13). when the crack propagates into the columnar grain
regions, the mode of crack growth is mainly transgranular, although a few columnar grains with a crack
propagating through them have been observed (Fig. 5.13). The columnar grains, with widths ranging from 1
to 2 um, similar to equiaxed grains, do not provide a significant increase in crack growth resistance due to the
small grain widths (1-2 pum). Although there is some deviation from the base direction, the overall crack path

remains smooth with small zigzag steps through columnar grains

Aging has induced slight homogenization in the microstructure of Scalmalloy, as demonstrated on the SEM
micrograph (Fig. 5.15). Despite the grain boundaries being less clearly visible, the fracture behaviour remains
identical to that observed in as-built samples. The crack propagates smoothly through equiaxed grains and in
small zigzag steps through columnar grains. This observation suggests that heat treatment does not
significantly change the impact of grain structure on crack growth behaviour and confirms that the bimodal

grain structure maintains a low roughness-induced crack closure effect regardless of heat treatment conditions.

Fracture surface analysis (Fig.5.14) further confirms the observations from SEM micrographs of the crack
path. The smooth fracture surfaces in equiaxed regions and the minimal zigzag steps in columnar regions
indicate that the crack path remains largely unaffected by the grain structure. The small step sizes observed in
columnar grain regions are due to the small grain widths (1-2 um), supporting the conclusion that the crack

path is generally smooth.

The consistent AKy values of approximately 1.3-1.4 MPa m'"? across various conditions and orientations
confirm the minimal effect of grain size (whether it is equiaxed or columnar grain region) and orientation on
the threshold stress intensity factor. Low AKq, values are attributed to the fine microstructure in the Scalmalloy
samples produced by LPBF, which causes low fracture surface roughness and minimal roughness-induced

crack closure effect.
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In conclusion, the analysis of crack growth path shows that the bimodal microstructure, which consists of
equiaxed and columnar grains, does not significantly hinder crack propagation. Both grain types, columnar
and equiaxed, promote a smooth crack path with minimum branching and zigzag steps in columnar regions.
The consistency in crack path characteristics and AKy, across various conditions demonstrates the limited
influence of grain type (either equiaxed or columnar), build orientation and heat treatment on crack growth

behaviour under cyclic loading.

5.2 Fatigue life (S-N) and fatigue strength

5.2.1 S-N data for various loading conditions

This section presents the fatigue data obtained from testing the Scalmalloy samples under varying conditions:

e As-built group: crack direction parallel to build direction, CD//BD-AB, and crack direction normal to
build direction, CD1BD-AB (Fig. 5.16).
e Heat-treated group: crack direction normal to build direction, CDLBD-HT, and crack direction parallel
to build direction, CD//BD-HT (Fig. 5.17).
After the presentation of data comparing the fatigue strength values in terms of loading direction, the same

fatigue data will then be plotted comparing values from as-built samples to heat-treated samples (Fig.5.18).

5.2.1.1 S-N curves for as-built samples

S-N curves for the as-built group of samples are presented in Figure 5.16. The fatigue data of CDLBD-AB are
similar to the data of CD//BD-AB, up to about N=2x10°, where fatigue strength decreases in an almost linear
way, as cycle number increases. From about N=2x10°, the fatigue strength values of CD//BD-AB appear to be
lower than the values of CDLBD-AB samples. This S-N relationship is common for 5xxx series Al alloys. To
determine whether the experimental results for Scalmalloy obtained in this study are reasonable and align with

established material performance, a comparison has been conducted with literature data for Al 5056 (135).
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Figure 5.16. S-N curves for CDLBD and CD//BD as-built Scalmalloy samples along with S-N curve
for 5056 Al alloy from (135).

The experimental results for both CD LBD and CD//BD builds of Scalmalloy exhibit a similar fatigue trend to
the literature reference curve. The S-N curves for Scalmalloy produced via LPBF are shifted to the left after
N=4x10° when compared to conventional Al 5056. This shift means lower fatigue strength at the same number
of cycles, which might be caused by the presence of defects of the type found in LPBFed samples. However,

the overall trend is similar, which confirms that the S-N curves of Scalmalloy are reasonable.

Analysing S-N curves for the as-built state, it can be noted that beyond 4x10° cycles, the curve begins to flatten,
as is characteristic of fatigue data. As the maximum stress decreases below 150 MPa, the fatigue life of
CDLBD-AB and CD//BD-AB samples increases, transitioning into the high-cycle fatigue regime (N > 10°
cycles). Across the stress ranges, there is no significant difference in the S-N behaviour of CDLBD and
CD//BD orientations until the fatigue limit is approached, where significant distinctions are observed, thus,
CD//BD build demonstrates slightly better fatigue resistance in the high-cycle regime. The S-N curve for

CDL1BD-AB samples shows scatter in the mid-cycle range (~1.5%10° cycles), which can be attributed to the
LOF defects.
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Thus, the S-N curves for the as-built samples of LPBFed Scalmalloy exhibit typical fatigue behaviour,
consistent with established observations in literature (136), and CD//BD Scalmalloy samples demonstrate
relatively better fatigue resistance than CD LBD samples, particularly in the mid- and high-cycle regimes. The

reason for this difference will be explored later in this chapter.

5.2.1.2 S-N curves for T6 samples

S-N curves for heat-treated samples in both CD//BD and CDLBD are presented in Figure 5.17. At maximum
stress greater than 200 MPa, CDLBD-HT and CD//BD-HT samples achieve mid-cycle fatigue life, with
failures occurring in the range of 3x10* to 10° cycles. At maximum stress below 150 MPa, the samples
transition into the high-cycle fatigue regime, with fatigue lives extending beyond 10° cycles. Similar to S-N
curves of as-built samples, the trends observed in these curves remain typical for Al aluminium alloy and

consistent with fatigue data presented in the study by Vinogradov et al. (135).
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Figure 5.17. S-N curves for CDLBD and CD//BD samples after heat treatment.

Further to the data presented above for comparing the effect of build orientation, S-N curves for Scalmalloy in
as-built (AB) and heat-treated (HT) conditions have been compared (Fig. 5.18). It has been shown that heat

treatment does not significantly affect the fatigue properties of the material and both the CDLBD and CD//BD
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orientations exhibit similar fatigue performance trends and fatigue limit, regardless of the heat treatment

condition.
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Figure 5.18. S-N curves for CDLBD (a) and CD//BD (b) samples in as-built and heat-treated conditions.

The above data presentation points to:

e The data are typical following the general S-N trends but the present data largely located more to the
left, meaning the fatigue strength values are lower than conventional Al 5056 (135).
e CD.LBD samples appear to be at least slightly lower in fatigue strength than CD//BD samples in the
high cycle range when N>10°.
e Heat treatment has not been found to affect the fatigue strength.
As has been introduced and reviewed in Chapter 2.3.3, fatigue and particularly high cycle fatigue is highly
defect sensitive. Thus, defect observation and analysis of the tested samples have been made to establish how

LPBF defects may have affected the fatigue behaviour as presented, observed and stated above.

5.2.2 Observation and measurement of defects

As explained in Chapter 3, after fatigue testing, each sample has been examined and the size of defects
presented in the fracture surfaces together with the locations of the defects have been measured. In this section,
fracture surface defect sizes detected and measured in S-N tested samples will first be presented and explained.
There are two types of defects detected, and they are LOF and spherical pores. Defects located on the surface

of the sample are crucial, as they act as primary sites for crack initiation. The influence of subsurface defects
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becomes less critical as their distance from the surface increases. The schematic illustration of critical sample

surface defect leading to fracture is presented in Figure 5.19.

z o

/Sample surface defectleading to fracture

Figure 5.19. Schematic illustration of a sample surface defect leading to fracture.

Further to the description in Experimental Chapter 3, a typical example of LOF surface defect and the result
of measurement on the defect area are shown in Fig. 5.20. The low magnification SEM image in Figure 5.20(a)
clearly illustrates the crack propagation originating from this defect (Fig. 5.20(b)) and progressing towards the
final fracture of the sample. In Fig. 5.20, an example of subsurface defects is shown. Gas or keyhole pores
may not be high in number but they do occasionally appear, as shown in Figure 5.22. The complete set of

fractographs showing the defects and their measured results of sizes is presented in Appendix D.
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Figure 5.20. Fracture surface of CD//BD-HT sample tested at 135 MPa a)x100, b)x400.

Surface defect of the sample before testing, where the fracture initiated, for CD//BD-HT sample is presented
in Figure 5.20. This defect is classified as Lack of Fusion (LOF), which occurs due to incomplete bonding
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between layers or material regions, typically from insufficient heat. This defect is located adjacent to the
fracture edge and its area and, as indicated in the image analysis, is approximately 25,553 um? (Va = 160 pm).

The defect has an irregular and clustered appearance, with regions of voids and unmelted material.
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Figure 5.21. Defects initiated fracture for CD//BD-HT sample tested at 170 MPa.

The defect presented in Figure 5.21 is subsurface, as evident from its position = 50 um away from the material's
surface edge. Similar to the defect in Figure 5.20, this defect is classified as LOF, with two voids with an area
of = 829 pum? (Va =29 um) and 1,514 pm?* (Va = 39 pm). Another type of defects, which is rarely observed, is
the gas or key hole pore (Fig. 5.22). For samples CDLBD-AB the pore observed is the subsurface defect
located = 100pum away from the edge and has area of 602um? (Va = 25 um).
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Figure 5.22. Gas or keyhole pore observed on fracture surface of CD_LBD-AB sample tested at 240 MPa.

The table below (Table 5.6) lists the values of Murakami's \area parameters for various tested samples. As has
been introduced in Chapter I, the parameter is the square root of defect size. In the table, information of the
samples on build orientation, applied maximum stress (Omax, MPa), and the number of cycles to failure

(N(cycles)) is also given. The data will be used for the analysis of how defects affect fatigue strength in the
next section.
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Table 5.6. Murakami's Narea parameters, Gma, Ao, and the corresponding number of cycles for samples in
the current study.

Sample Va, um | oma, MPa | Ao, MPa | N(cycles)
CD//BD, AB
CD//BD-AB-1 71 200 180 63064
CD//BD-AB-2 160 170 153 108527
CD//BD-AB-3 53 150 135 210260
CD//BD-AB-4 81 140 126 915178
CD//BD, HT
CD//BD-HT-1 63 200 180 40920
CD//BD-HT-2 35 240 216 28195
CD//BD-HT-3 68 170 153 108874
CD//BD-HT-4 54 140 126 188071
CD//BD-HT-5 106 150 135 205505
CD//BD-HT-6 30 320 288 11159
CD//BD-HT-7 160 135 121.5 165882
CD1BD, AB
CD.1BD-AB-1 71 240 216 63734
CD1BD-AB-2 190 140 126 137722
CD1BD-AB-3 151 135 121.5 229201
CD.1BD-AB-4 155 125 112.5 260127
CD1BD-AB-5 117 115 103.5 332149
CD1BD-AB-6 143 105 94.5 741044
CD.1BD -AB-7 126 95 85.5 4339675
CD1BD, HT
CD1BD-HT-1 172 320 288 15676
CD.1BD-HT-2 115 240 216 46274
CD.1BD-HT-3 304 200 180 37182
CD.1BD-HT-4 187 170 153 120828
CD.1BD-HT-5 404 140 126 67064
CD.1BD-HT-6 185 135 121.5 199230
CDL1BD-HT-7 692 125 112.5 109343
CD.1BD-HT-8 NA 115 103.5 10,000,000
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5.2.3 Evaluating effect of defects using Kitagawa-Takahashi method

As has been explained in Chapter 1.3, the Kitagawa-Takahashi (K-T) method has been regarded as an effective
method to evaluate how defects affect fatigue strength. As can be seen from the K-T diagram for as-built
samples (Fig. 5.23), most data points are located outside the non-crack growth (safe) region. The defect areas
in these samples can therefore be evaluated based on their distance from the safe region, using the predicted
AKy values. Generally, the dataset follows the expected relationship between stress range and defect size, with

larger defects correlating with lower stress levels

Samples that failed before 100,000 cycles (marked in red) experienced short cycle life, as they appear in the
high-stress region (Ac > 160 MPa). The samples that experienced a high number of cycles (N > 500,000 cycles,
marked in dark blue) and samples within the 400,000-500,000 range (marked in dark green) mainly fall within
the range of AK = 1.2-1.4 MPaVm, which is indicated by the dashed and dotted lines. This alignment suggests
that the fatigue crack growth threshold is accurately captured in Chapter 5.1.1. Atzori et al. (137) have provided
a summary of a, for many aluminium alloys and based on their data, the critical size of defect leading to
fracture is suggested to be 85um. Thus, based on this assumption, AKth determined 1.37 MPaVm and K-T

diagram, fatigue limit for Scalmalloy is estimated to be 124 MPa.
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Figure 5.23. K-T diagram for as-built LPBFed Scalmalloy samples.
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Unlike the as-built samples, in K-T diagram for heat-treated samples (Fig. 5.24), high-cycle fatigue samples
(N > 500,000 cycles) are absent from the dataset, as the number of tested samples was not large. The highest
observed fatigue life in the HT samples falls within N = 150,000-250,000 (yellow markers) and these samples
generally fall close to the AK = 1.2-1.4 MPaVm range. Similar to K-T diagram for as-built samples, samples
that failed before 100,000 cycles (marked in red) experienced short cycle life, as they appear in the high-stress
region (Ac > 160 MPa).
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Figure 5.24. K-T diagram for heat-treated LPBFed Scalmalloy samples.

Samples with Ac < 160 MPa and experiencing low number of cycles (< 100,000, marked in red) have defects
with size Va > 300 pm. The example of one of these defects is presented in Figure 5.25, where a large defect
in the LPBF-fabricated Scalmalloy, in size over 600 pm, is shown. These kinds of defects occasionally occur
in the process and are normally caused by uncontrolled process variations, such as insufficient energy input,
and can be formed due to incomplete fusion between powder layers. While these kinds of defects are rare, they

may have a significant effect on the fatigue strength of the material.
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Figure 5.25. Defects initiated fracture for CD_LBD-AB sample tested at 115 MPa.

The analysis of K-T diagrams reveals a clear and expected trend: high stress range and larger defect sizes
consistently lead to lower fatigue life, while samples that experienced a high number of cycles tend to align
with the AK = 1.2-1.4 MPaVm range. Importantly, the high-cycle fatigue samples do not appear randomly
distributed but are clustered near the AK values, defined as AKq for LPBFed Scalmalloy in this study,
confirming the validity of fatigue tests. This suggests that the data presented in this study follows well-
established fatigue principles, where crack growth behaviour is predominantly determined by stress intensity

factors and defect size.

5.3 Further discussion on how load direction affects fatigue properties

To provide a more comprehensive analysis of fatigue behaviour of LPBFed Scalmalloy, S-N curves from
existing literature have been compiled into a single graph, along with the S-N curves obtained in this study
(Fig. 5.26). This graphical summary allows a direct evaluation of how different surface treatments, heat
treatments and crack direction orientation relative to build direction influence fatigue performance across a
wide range of stress levels. By summarizing data from multiple sources, including prior studies and the present
research, this graph highlights the gap in previous studies and shows the relative positioning of our results

within the broader context of fatigue performance in LPBFed Scalmalloy.
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Figure 5.26. Comparison of S-N curves presented in literature with S-N curves obtained in the current study.

To highlight key findings on fatigue strength at N > 107 observed across these datasets, a detailed summary

and comparative analysis are provided below:

1. He et al.: The data presented in this study for AB samples with CD//BD is lower compared to data
obtained in this study. Additionally, data for AB samples with CDLBD has not been provided.
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2. Qin et al.: The data for heat-treated samples with CDLBD (6max=126MPa) is very comparable to data
presented in this study for the same orientation of heat-treated samples (omax=130MPa), however, data
for heat-treated samples with CD//BD (Gmax =224MPa) is considerably higher than values presented in
this study for heat-treated samples with CD//BD (Gmax =130MPa). Comparison of K-T diagrams is
required to explain non-agreement of this study with the study by Qin et al.

3. Raab and Bambach: In this study, only heat-treated followed by HIP samples have been investigated,
thus, AB means as-built surface, without any following treatment after the LPBF process (Non-surface
HIP). The fatigue limit for AB (NSHIP) samples with CDLBD in this study (cmax=131MPa) is very
comparable to fatigue limit values for heat-treated samples with CD_LBD in this study (6max =130MPa).
Additionally, data for as-hatched (AH) samples with CD_LBD (om«—=84MPa) is also very comparable
to the fatigue limit of heat-treated samples with CDLBD in this study (cmax=130MPa). However, the
work of Raab and Bambach, while valuable in its scope, is not directly relevant to our study. Their
study is focused on the investigation of HIPed samples with different surface treatment methods, rather
than as-built or heat-treated ones, as in the current study. After HIP, samples have significant
microstructural changes that influence fatigue behaviour, thus, their findings are not fully comparable
to data for the as-built or heat-treated samples obtained in this study. Additionally, their study does
not include the effect of build direction on fatigue performance.

4. Schimback et al.: Similar to Raab and Bambach, Schimback et al. investigated HIPed Scalmalloy
samples, thus their study is not completely relevant to the current study. Additionally, their work did
not investigate the direction of the crack with regard to the build direction orientation effect. While
their investigation contributes to the understanding of HIPed sample performance, it does not have the

data necessary for comparisons with findings in this study.

Figure 5.26 with the following analysis above compares this study with previous research, highlighting key
similarities and differences in fatigue performance of LPBFed Scalmalloy. The table below (Table 5.7)
summarizes these data points of fatigue strength at N > 107, making it easier to compare relevant test results
from previous studies with values obtained in the current study. The fatigue strength reported by previous
studies is generally consistent and reasonable, however the fatigue strength of 224 MPa reported by Qin et al.
(96) appears unusually high and is considered unreasonable. This value significantly exceeds those observed
in other studies and the present work, suggesting a possible difference in testing conditions or evaluation

methodology.
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Table 5.7. Summary on fatigue strength data from previous and current studies.

Authors Fatigue Fatigue Fatigue Fatigue Fatigue
strength, | strength, | strength, | strength, | strength,
MPa MPa MPa MPa MPa
AB- AB- HT- HT- AB-
CDh/BD | CDLBD | CD/BD | CDLBD | CD1BD -
NSHIP
He et al.: 76 - - - -
Qin et al.: - - 224 126 -
Raab and - - - - 131
Bambach:
Schimback et al.: - - - - -
Present study 127 <95 125 115

Comparison of K-T diagrams is required next to clearly illustrate and explain the reasons for both agreements
and discrepancies between the fatigue strength results obtained in the current study and those reported in the
literature. The K-T diagram below (Figure 5.27) provides a visual representation of fatigue performance in
relation to defect size, summarising data from previous studies by Qin et al., Raab and Bambach, and
Schimback et al. for non-HIPed samples. The dashed and dotted lines represent AKy, values of 1.2 MPa-m'/?
and 1.4 MPa-m!/?, respectively. The AK values of 1.2 and 1.4 MPa-m!/? were selected for threshold lines
based on the experimental determination presented in Table 5.5, where AKy, values for Scalmalloy samples
ranged between 1.27 and 1.46 MPa-m'2. The alignment or deviation of data points from the threshold lines
indicates that the straight lines derived from the AKy, values determined in this work accurately distinguish
between the non-crack growth (safe) and crack growth (unsafe) regions. As only data relevant to the current
study (for non-HIPed samples) has been summarised, this comparison supports the discussion on why some
values from earlier studies do not fully align with the results of the current research. For instance, Qin et al.
(96) reported a fatigue strength of 224 MPa for heat-treated CD//BD samples, significantly higher than the 125
MPa obtained in the present study. Thus, the influence of defect evaluation methods, heat treatment and surface

conditions on fatigue performance is considered.
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Figure 5.27. Data results for defect size and fatigue performance for as-built or heat-treated LPBFed
Scalmalloy samples summarized from previous studies (96), (100), (102).
There are several important points to note in the data plotted in Fig. 5.27, particularly regarding values from

previous studies that appear significantly deviated from the expected trend lines

1. Qin et al.'s data points for samples with CD//BD experiencing high number of cycles (three blue points)
are plotted significantly above the AKy, trend lines, indicating unrealistically high fatigue strengths for
high cycle number for the given defect sizes, therefore these values should be viewed as incorrect. Data
points for samples with CDLBD align well with the current study and are in the region of AKun = 1.2 —
1.4 MPa-m'/?, except one highlighted green point.

2. Raab's data mostly align with or remain slightly above the AKy, limits, indicating better agreement with
expected fatigue behaviour.

3. Schimback et al.'s result (red X): This outlier significantly exceeds the AK range, however, N is only

28,000 cycles, therefore, these values should be viewed as incorrect

As some previous studies have reported fatigue behaviour for HIPed samples, data for K-T diagram for these
samples has been summarized separately (Fig. 5.28) to illustrate how it differs from non-HIPed samples. This
approach helps to visualize how HIPed samples behave differently from non-HIPed ones, particularly in terms

of defect sensitivity and fatigue thresholds. The alignment or deviation of data points from the threshold lines
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(AKg = 1.2 and AKy = 1.4) further emphasizes the impact of different processing methods on fatigue

performance.
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Figure 5.28. Data results for defect size and fatigue performance for HIPed LPBFed Scalmalloy samples
summarized from previous studies (100), (101), (102).
Data for HIPed samples plotted in Fig. 5.28 are clearly outside of defect-dependent fatigue strength limits
described and explained for non-HIPed samples. This could mean that HIP may have resulted in an increase
in AKw and thus in the samples being more tolerant the defects. However, if a,=85um, Acg=180MPa for
AKy=1.9MPa-m'?. Although no microstructure analysis was conducted in the referenced studies to quantify
the grain size change that may occur during high temperature HIP. If grain growth does occur during HIP, a
larger grain structure could provide more crack closure effect, thus increasing AK . But as shown in the figure,

most Ac data are above Acg=180MPa for a,<85um. This is unexplainable.

To summarize all the above, it can be stated that: several studies reviewed and analysed, including those by
Schimback et al., presented Kitagawa-Takahashi diagrams with AKy value 1.96 MPa-m'? at R=0.1. Our
results, with AKy, ranging from 1.27 to 1.46 MPa-m'”?, are more reasonable as it more correctly divides the
non-crack growth and crack growth regions for as-built and heat-treated samples from the previous and current
studies. The fatigue behaviour of LPBF Scalmalloy was analysed, focusing on fatigue life and fatigue strength
under varying conditions. The results have shown that build orientation slightly affects fatigue performance in
the high-cycle regime, while heat treatment does not impact fatigue strength. Defects, mainly lack of fusion
and pores, play a major role in limiting fatigue performance, as confirmed by defect analysis and Kitagawa-
Takahashi diagrams. The analysis of S-N curves from the current study along with other studies, together with
a reasonable assumption of a,=85um, and the AKy =1.2-1.4 MPaVm determined in this study, suggests that
the fatigue strength/limit om=140MPa. This fatigue strength is the same for as-built and aged samples,

although for the limited run-out samples values the apparent fatigue strength (Gmax=115-125MPa at N=107) are
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lower in the present series of tests. Thus, findings in the current research, confirmed by FCG test results with

more reasonable AKth values, offer a much improved understanding of fatigue behaviour of LPBFed

Scalmalloy.

Conclusions

In this thesis, the solidification behaviour during laser powder bed fusion (LPBF) of Scalmalloy leading to the

formation of the bimodal grain structure and the crack growth behaviour of the alloy under cyclic loading have

been studied. The key findings are as follows:

1. Formation of bimodal grain structure

@)

[\

The LPBF-induced elemental distributions were found to be different in the solidification of equiaxed to
columnar grain regions, suggestively due to the conditions of solidification in LPBF. The very low growth
and cooling rates of grains in the region next to the track boundary allow for Al3(Sc,Zr) to form and act
as a nucleus for the fine equiaxed-grain (~0.5 pum) growth next to and along the track boundary. The very
low growth rate also allows for elements to diffuse outward during solidification, as observed with

segregation of elements to grain boundaries in the fine-equiaxed-grain region.

The equiaxed-grain size increases to ~1.5 um over a few microns distance from track boundary as a result
of the steep increase in the cooling rate away from track boundary. This has resulted from the shifting of
the composition of the divorced eutectic to higher values than the Sc content of the alloy. Thus, grain

refining effect diminishes and grain size increases.

Further (only a few microns) away, grain-refining effect of Sc (with its content of the alloy) will be totally
lost, resulting in a columnar grain growth. Away from track boundary, the high growth rate during
solidification in the columnar grain region results in highly localized diffusion, preventing significant

segregation influences in the microstructural transition and the eventual formation of columnar grains.

. Fatigue crack growth and threshold stress intensity factor

The stress intensity factor threshold value (AKy) has been determined to be at 1.3-1.4 MPa-m'?and is not
affected by the orientation of the crack growth direction (CD) in relation to build direction (BD) in both
as-built state and heat-treated state of LPBF Scalmalloy.

The reason for the lack of orientation and heat-treating effects, is that crack path needs to propagate
similarly through the equiaxed grains and columnar grains regularly spaced in the bimodal microstructure
in all orientations. The crack path propagating through the sub-micron size equiaxed grains and either
intergranularly, with CD in a low angle to BD, or transgranularly, with a zigzag step height in typically
1-2 um, has not provided a strong effect on roughness-induced crack closure. Heat treatment by one-step

aging has changed the grain sizes and shapes little. Thus, the AKy, values for all samples are low.
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In Paris region, C~3.3x10""° (m/cycle)/(MPaVm)™ and m~2.9 for as-built samples and heat treatment have
only increased slightly the FCG that C~5 9x107'° (m/cycle)/(MPaVm)™ and m~3.0. These values are in

agreement with the values found in most aluminium alloys.
. LPBF defects and fatigue strength/life

As expected, fatigue strength is strongly and negatively affected by LPBF-induced defects, primarily by
lack of fusion (LOF). The use of K-T approach has largely explained the effect of defects on fatigue
strength of the current samples. The defect sizes detected on fracture surfaces of tested samples (at or near
the edge location of samples) are consistent with the size range of LOF defects formed during PBF, with

some up to or greater than 200um.

The analysis of the S-N data from this study and data from other studies, together with a reasonable
assumption of a,~85um and the AKy values of 1.3-1.4 MPa m'? determined in this study, suggests the
fatigue strength/limit for defect free (a,<85um) samples being Ac = 124MPa. This fatigue strength is the
same for as-built and aged samples, although for the limited run-out samples in the present work, the
apparent fatigue strength (omax=115-125MPa at N=107) is lower. This is likely due to the possibility of
having LOF free samples being low.

The orientation effect on fatigue strength has been found to be low and the slight reduction of fatigue
strength in CD_LBD should be the result of the average size of LOFs, which is generally larger in CD_LBD
than CD//BD. This is because the melting between layers should be more insufficient than the melting

between tracks when a LOF defect forms during LPBF.

Using the K-T approach to analyse the present data of fatigue strength/life to relate to defect sizes and the
data from literature has suggested that AK, equal to 1.34 MPa-m'/2, determined in the present study to be

correct.
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Appendix A. Scalmalloy composition data sheet provided
by LPW Technologies

The specification of the alloy powder used for printing samples for the current study provides the
information on the composition and particle size.
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Appendix B. SEM images of Scalmlloy

Below are the SEM images illustrating the microstructure of Scalmalloy in the as-built condition, after
T5 heat treatment, after T6 heat treatment, and following solutionizing only. The characteristic bimodal
microstructure, consisting of both equiaxed and columnar grains, is clearly observed across all the

conditions. An increase in particle size is evident after the heat treatments.

UPV/EHU COMPO  5.0kV X250 100gum WD 10.2mm UPV/EHU COMPQO  50kvV  X1,000 10pm WD 10.2mm

Figure B.1. SEM image of Scalmalloy sample in as-built state.

UPV/EHU COMPO  5.0kV X250 100pm WD 10.0mm UPV/EHU COMPO 50kV  X1,000 10pm WD 10.0mm

Figure B.2. SEM image of Scalmalloy sample after solutionizing.

UPV/EHU COMPO 50kV X250 100um WD 9.1mm UPV/EHU COMPO 50kV  X1,000 10um WD 9.1mm

Figure B.3. SEM image of Scalmalloy sample after T6 heat treatment.
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UPV/EHU COMPO 50kY  X1,000 10pm WD 9.9mm UPYW/EHU COMPO  5.0kY X250 100um WD 10.0mm

Figure B.4. SEM image of Scalmalloy sample after T5 heat treatment.
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Appendix C. TEM images of Scalmlloy

Below are the TEM images of Scalmalloy in the as-built condition, after T5 heat treatment, after T6 heat
treatment, and following solutionizing only. For each condition, TEM images were taken from three distinct
regions of the samples: the equiaxed region, the transition region (from equiaxed to columnar), and the

columnar region. These TEM images provide the information on grain size variations and particle distribution

across different microstructural regions.

Figure C.1. TEM image of Scalmalloy sample in as-built state a)equiaxed, b) transition, c) columnar grain
region.
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Figure C.2. TEM image of Scalmalloy sample after solutionizing a) equiaxed, b) transition, c¢) columnar
grain region.
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Figure C.3. TEM image of Scalmalloy sample after T6 heat treatment a)equiaxed, b) transition, c) columnar
grain region.
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Figure C.4. TEM image of Scalmalloy sample after T5 heat treatment a)equiaxed, b) transition grain region.
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Appendix D. Fractographs of S-N samples showing the defects
and their measured results of sizes

Below are fractographs of samples subjected to S-N fatigue testing. The low-magnification images clearly
identify the fracture initiation sites, high-magnification images detail measurements of the specific defects

responsible for initiating fractures.
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Figure D.23. Fracture surface of sample CD_LBD-HT-5 a) x100, b) x100.
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